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Abstract 

Individuals are often surrounded by stimuli from various sensory modalities (e.g., 

auditory, visual, olfactory, somatosensory). The brain can screen available information 

from multiple senses and integrate them to better perceive the external environment, 

shaping and guiding our behaviors. Therefore, it is important to study integration 

across different sensory modalities. In the daily life, human beings receive 

approximately 80% information through vision and audition, however, the neural 

mechanism of audiovisual integration is not completely clear. Besides, how the brain 

processed the information when auditory and visual information arrive in our brain 

asynchronously is also unknown. The aim of the present study was to clarify how our 

brain processes the asynchrony audiovisual information, and whether the processing 

of audiovisual information change with age. Additionally, we also evaluated the 

audiovisual integration ability in Parkinson’s disease. 

Firstly, a visual/auditory discrimination experiment was conducted to examine the 

effect of stimuli onset asynchrony (SOA) on audiovisual integration, and the 

difference between younger and older adults. The results confirmed that the response 

for older adults was slowed and provided empirical evidence that integration ability is 

much more sensitive to the temporal alignment of audiovisual stimuli in older adults. 

To further clarify the effect of age on asynchrony audiovisual integration, the 

event-related potential (ERP) was performed using the similar paradigm. The results 

showed that in the simultaneous audiovisual condition, excepting the earliest 

integration (80 - 110 ms) that occurred in the occipital region for older adults was 



 

II 

 

absent for younger adults, the early integration was similar for younger and older 

groups. Moreover, the later integration was delayed for older adults (280 - 300 ms) 

compared to younger adults (210 - 240 ms). In audition anterior to vision conditions, 

the earliest integration (80 - 110 ms) was absent in younger adults, but it occurred in 

older adults. Additionally, after increasing the temporal disparity from 50 ms to 100 

ms, the later integration was delayed in both younger (from 230 - 290 ms to 280 - 300 

ms) and older adults (from 210 - 240 ms to 280 - 300 ms). In audition posterior to 

vision conditions, the integration occurred in A100V for younger adults and in A50V 

for older adults. The current results suggested that the audiovisual temporal 

integration pattern was different between the audition-leading and audition-lagging 

vision conditions, and further revealed different temporal effect in younger and older 

adults on audiovisual integration. 

In addition, the previous studies showed that audiovisual integration was abnormal 

in patients of Mild Cognitive Impairment, Alzheimer's disease and patients with 

headache. Parkinson’s disease (PD) is traditionally recognized as a movement 

disorder and is a common neurodegenerative disease in the aged populations. Sleep 

disturbances that have a detrimental effect on health-related quality of life are a 

common disabling non-motor symptom of PD. Such sleep disturbances can occur at 

any point during the course of PD and even at the initiative stage. Sleep disturbances 

are estimated to occur in 60 - 98% of patients with PD. To evaluate whether the 

audiovisual information processing in PD with or without sleep disturbance was 

normal with age-matched healthy adults, forced-choice experiment was conducted. 

The results showed that no significant audiovisual integration occurred in PD 

regardless of the presence of cognitive deficits or sleep disturbance; however, such 
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integration did occur in age-matched normal controls. In addition, there were no 

significant correlations between audiovisual facilitation and H&Y stage or disease 

duration. The current study provides the first evidence that the audiovisual 

multisensory integration of peripheral stimuli is absent in PD patients regardless of 

the presence of sleep disturbances. The results of the study further suggest that 

abnormal audiovisual integration may be a potential early manifestation of PD. 

According to the current situation, future studies will focus on development of 

audiovisual integration across the life span to uncover the neural mechanism of 

audiovisual integration and to provide important basis for the early clinical detection 

and rehabilitation of special brain disease. In addition, the attentional statues altered 

greatly with aging or disease, whether the alteration of audiovisual integration with 

aging was due to the decline of attention is also important projection. 
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Chapter 1 Introduction 

 

Summary 

This chapter introduces the concept of audiovisual integration and aging effect. The 

previous studies of audiovisual integration in younger and older adults have also been 

summarized hear. Additionally, the technique of electroencephalogram (EEG) and 

event-related potential (ERP) have been introduced. At last, the purpose and contents of 

the thesis are briefly described. 
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1.1 Audiovisual Integration 

Audition and vision are two important sensory systems that humans use to perceive 

the environment. The main region of the brain in which audition is perceived is the 

auditory cortex, and the main area of the brain in which vision is perceived is the visual 

cortex
1
. Each sensory system comprises specialized pathways to translate external 

stimuli into neural signals that are interpreted by the brain. Although input signals about 

the same external environment during normal daily activities transmit through different 

models into the different cortical representations, these two sensory signals are 

automatically and effortlessly bound to provide a more accurate spatial message in order 

to shape and guide our behavior. The process of binding auditory and visual signals, 

called audiovisual integration, enables us to modify our own perception of the 

multisensory world, allowing us to identify objects more effectively even if the auditory 

stimuli and visual stimuli are just under the threshold of perception. In addition, 

audiovisual integration is important during the perception and processing of 

environmental signals. However, audiovisual integration is not merely the linear 

combination of two unisensory signal, as the result is sometimes much greater than the 

mere sum of the individual unisensory response 
2
. Related research has used the fMRI 

to scan the brain activity of the subjects when responding to auditory stimuli (sounds), 

visual stimuli (mouth movements), or audiovisual stimuli (simultaneous sounds and 

mouth movements, and the results showed dramatic activity in the superior temporal 

sulcus (AV > A +V)
3
. 
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1.1.1 Aging effect on audiovisual integration 

Regarding daily activities, when older adults and younger adults are given the same 

command, for example, ‘raise your right hand’, ‘turn to the left’, ‘read the word 

presented on the screen’, or ‘discriminate which word emerges first in an auditory test’, 

older adults often perform many tasks relatively slower than younger adults, and many 

older adults are poor at reading words and lip-reading consonants. In addition, older 

adults may soliloquize ‘I am not as smart as I used to be’ or ‘I feel worse and worse and 

always forget what I just heard’. What happens to their cognitive system leads their 

executive functions with aging. 

It is now well recognized that the aging is accompanied by variations in information 

processing in the brain that cause functional decline, including a deleterious effect on 

localization ability 
4,5

, response speed declines
6-9

, even brain volume shrinkage
10-12

, and 

so forth. Numerous studies have shown that localization ability substantially decreases 

during the adult lifespan. In the 1990s, Cranford et al. (1990)
13

, and Abel et al (1996)
14

 

firstly studied the precedence effect in elderly subjects with normal hearing, and they 

found that older subjects performed significantly worse than the younger subjects. 

Sharon (2000)
4
 reported that the processing of spectral information becomes 

progressively less efficient with age, and is generally worse for sources on the right side 

of space. Recently, in the subjects aged from 18 to 81 years, Cui et al. (2010) 
5
 studied 

localized noise bursts under conditions of transient and sustained ocular deflection, and 

the results indicated that although different groups of participants demonstrated a 

time-dependent shift of space in the direction of the eye position, the aging group 

showed a clear decline in the adaption, which suggests a change in the central sensory 
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processing of auditory space. Compared with the number of studies on localization 

ability, however, a relatively greater number of investigations have investigated the 

change in response with age
6-9

, and a few studies have attributed such a change to a 

distraction effect 
9
. For instance, Andrés et al. (2006) 

9
 reported that for irrelevant 

stimuli, older participants showed a larger distraction effect than younger participants 

and that older participants were more vulnerable than younger adults to the disruptive 

effects of concurrent distractions, as they responded more slowly to the target stimulus. 

Further, recent magnetic resonance imaging (MRI) evidence suggests that older adults 

experience a significant loss of both gray and white matter
12,15,16

, which is largely 

associated with declining cognition 
11,17

. 

1.1.2 Related studies of audiovisual integration 

Previous studies have shown that audiovisual integration occurs in the early stages of 

information transmission, and illustrated that many regions that have long been 

considered to compose unimodal cortex can also receive inputs from other sources, such 

as the auditory cortex (AC, which also receives visual inputs) 
2
, the visual cortex (VC, 

which also receives auditory inputs) 
3
, the ventral intraparietal area (VIP, where neurons 

respond to visual and auditory events), an area for three-dimensional integration 
18

, and 

a lateral intraparietal area (LIP, where neurons respond to visual and auditory events) 

belonging to the visual cortex 
19

. Basing on the investigations of multisensory 

integration in cat, Meredith et al. (1987, 1986) reported that the superior colliculus (SC, 

mainly involved in eyes movement) also can receive auditory and visual signals and 

demonstrated that the two types of signals can active the same neuron when they are 
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presented in the same place.
20,21

 . In addition, the superior temporal gyrus (STG), a 

auditory processing area, has also been shown to be involved in audiovisual integration
8
  

However, current research indicates that the superior temporal sulcus (STS) contains 

the region involved in audiovisual integration (Fig 1)
1,22-24

. In 2007, Senkowski et al. 

examined the superadditive BOLD activation in the STS, and the data analysis showed 

that the subjects elicited BOLD activation to audiovisual stimuli greater than the sum of 

BOLD activation to individual audio or visual stimuli 
25

. Barraclough et al. studied 

audiovisual integration by examining the neural level of non-human primates, and they 

found that the sound of actions modified 23% of the visual response of the STS neurons 

coding the sight of actions 
24

. In addition, consistent with the results of Benevento 
26

, 

the results showed that audiovisual integration largely relies on matching the sound and 

sight of actions 
24

. In addition, related research has also indicated that in non-human, 

neurons in the Ventral Lateral Prefrontal Cortex (VLPFC), which is in charging of 

working memory, respond to audiovisual stimuli
27

. 

1.2 Race Model  

As the basic phenomenon is that detection responses are faster when signals are 

presented on both channels than that when a signal is presented on either channel alone. 

This phenomenon is referred to as the "redundant signals effect"
28

. There are two 

approaches to the problem of explaining the redundant signals effect. One approach is 

based on the idea that signals on different channels produce separate activations, each of 

which builds to the level at which it can produce a response. That is, on any particular trial, 

responding is controlled by the detection of a signal on one channel or the other. The 
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system never combines activation from different channels in order to meet its criterion for 

responding. Responses to redundant signals are especially fast, according to 

separate-activation models, because they are produced by the faster of two processes with 

randomly varying durations. These models are commonly called "race models," because 

the response to a redundant signal is produced by the winner of the race between two 

separate response activation processes. 

1.2.1 Redundant nature effect 

To evaluate the redundant nature effect of the multisensory condition, cumulative 

distribution functions (CDFs) were used to analyze the mean response time (RT), and 

the multisensory data were compared with an independent race model, which is a 

statistical prediction model that uses the CDF of the summed probability of the visual 

and auditory responses 
28,29

. This model allows for the direct comparison of the 

multisensory condition to the predicted probability of the unimodal conditions［P(A) + P 

(V)］−［P (A) ×P (V)］by segmenting the subject-specific CDFs for each condition using 

10-ms time bins. P (A) is the probability of responding within a given time in a 

unimodal auditory trial, and P (V) is the probability of responding within a given time in 

a unimodal visual trial. If the probability of a response to the AV is significantly greater 

than that predicted by the summed probability of A and V, then it suggests that the 

neural integration of the two unimodal inputs has occurred 
28,29

. 

1.2.2 Behavioral studies analyzed by race model 

There is substantial consensus that response times and hit rates for auditory-visual 
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bimodal stimuli are lower for older adults than for younger adults. However, when 

compared the behavioral enhancement difference from audiovisual response to the race 

modal, there is a heat controversy. According to existing researches, there are two 

opposing academic views. One view is an extension of the Principle of Inverse 

Effectiveness, which predicts that older adults will show higher audiovisual integration 

enhancement during audiovisual speech recognition than younger adults 
30

 (Fig 2A). 

Laurienti et al. (2006) used a reaction time measure with a redundant-target 

discrimination task to evaluate the enhancement in audiovisual integration with age 
7
, 

and they found that the achieved multisensory (A+V) enhancement was considerably 

larger for elderly individuals than for younger individuals from 530 to 760 ms. Peiffer 

(2007) designed a simple audiovisual task to study age-related multisensory 

enhancement, and the results also consistent with this view
31

.  

Another view is that older adults will show reduced audiovisual integration 

enhancement than younger adults (Fig 2B). Tye-Murray (2010) tested and verified this 

view by using a closed-set Build-A-Sentence (BAS) Test and the CUNY Sentence Test 

30
, and the results showed that younger adult have higher audiovisual integration relative 

to older adults. The research results of Mahoney (2011) also support the later view 
32

. 

Tye-Murray and his colleges suggested that the observed enhancement of audiovisual 

integration is effected by the test context or test format 
30

, and Laurienti noted that the 

conflicting reports may result from the use of different data analysis techniques and 

multisensory test paradigms 
7
. Therefore, given that numerous factors influence 

audiovisual integration, the present data is insufficient to determine whether the 

enhancement of audiovisual integration is higher or lower for older adults relative to 
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younger adults. 

1.3 Event-related potentials (ERPs) 

1.3.1 Electroencephalogram (EEG) 

Electroencephalography is an electrophysiological monitoring method, recording 

electrical activity of the brain. EEG is noninvasive, with the electrodes placed along the 

scalp and reflects the summed postsynaptic activity in the underlying cortical regions. 

EEG measures voltage fluctuations resulting from ionic current within the neurons of 

the brain, and as a key advantage, is the high temporal resolution of the method. 

Figure 1.2 shows recorded EEG data. EEG recordings show the overall activity of the 

millions of neurons in the brain. The recording shows fluctuations with time that are often 

rhythmic in the sense that they alternate regularly. The EEG patterns change when 

external stimuli (such as sounds or pictures) are presented. 

 

Figure 1.1 Recorded EEG data 

https://en.wikipedia.org/wiki/Electrophysiology
https://en.wikipedia.org/wiki/Brain
https://en.wikipedia.org/wiki/Electrode
https://en.wikipedia.org/wiki/Scalp
https://en.wikipedia.org/wiki/Ion_current
https://en.wikipedia.org/wiki/Neurons
https://en.wikipedia.org/wiki/Brain
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1.3.2 Event-related Potentials (ERPs) 

Event-related brain potentials are non-invasive method of measuring brain activity 

during cognitive processing. The transient electric potential shifts (so-called ERP 

components) are time-locked to the stimulus onset with the present trigger to marking 

the onset time (Figure 1.2). Each component reflects brain activation associated with one 

or more mental operations. Contrasting with behavioral measures such as response times, 

ERPs are characterized by simultaneous multi-dimensional online measures of polarity 

(negative or positive potentials), amplitude, latency, and scalp distribution. Therefore, 

ERPs can be used to identify and distinguish neural and psychological sub-processes 

involved in perceptual, motor, or cognitive tasks. 

 

 

Figure 1.2 Schematic of the ERP data 
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1.3.3 Analysis method of ERPs data in the audiovisual integration study 

The ERPs elicited by the task-irrelative stimuli were analyzed. The data were 

band-pass filtered from 0.1 - 60 Hz during recording at a sample rate of 500 Hz. The data 

were divided into epochs, from 200 ms before to 500 ms after the stimulus onset, and 

baseline corrections were made against a 200 ms to 0 ms time interval before stimuli 

onset. Trials with horizontal eyeball movements (horizontal EOG amplitudes exceeding ± 

25 mV), vertical eye movements and eye blinks (vertical EOG amplitudes exceeding ± 

100 mV), or other artifacts (a voltage exceeding ± 80 mV relative to baseline) were 

rejected automatically from the analysis. In addition, the data associated with a false 

alarm were excluded. The data were then averaged for each stimulus type, following 

digital filtering with a band-pass filter of 0.01 - 30 Hz, and the grand-averaged data were 

obtained across all participants for each stimulus type in each electrode. The previous 

studies showed that audiovisual integration was assessed by the difference wave [AV - 

(A+V)], obtained by subtracting the sum of the ERP waves of the unimodal stimuli from 

the ERP waves of the bimodal stimuli 
33,34

, and the logic of this additive model is that the 

ERPs to bimodal (AV) stimuli are equal to the sum of the ERPs to the unimodal (A+V) 

stimuli, plus the putative neural activities specifically related to the bimodal nature of the 

stimuli. If there is significant difference between AV and (A+V), the interaction between 

vision and auditory is occurred (Figure 1.3). 
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Figure 1.3 Analysis methods of ERPs data in the audiovisual integration study 

1.4 The purpose of the present thesis 

The main aim of this present thesis was to investigate the brain activities during 

audiovisual integration using behavioral and electroencephalography (EEG) to elucidate 

the mechanism of audiovisual integration in humans including healthy younger and 

older adults. Furthermore, we investigated the audiovisual integration in Parkinson’ 

disease (PD) patients to evaluate whether it can be used to assistant the diagnosis of PD 

as a potential early manifestation in PD. 

Chapter 1 Introduces the concept of audiovisual integration and aging effect. The 

previous studies of audiovisual integration in younger and older adults have also been 

summarized hear. Additionally, the technique of electroencephalogram (EEG) and 

event-related potential (ERP) have been introduced. At last, the purpose and contents of 

the thesis are briefly described. 

Chapter 2 Describes how Stimuli Onset Asynchrony (SOA) between auditory and 
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visual stimuli modulate audiovisual integration in older adults, and assessed whether the 

temporal structure of the audiovisual stimulus pair can influence the audiovisual 

integration of older adults and how this integration is altered by various SOA values 

between auditory and visual events. 

Chapter 3 Describes the how SOA modulates audiovisual integration in both younger 

and older adults using ERP, and further investigated the diversity between younger and 

older adults in different SOA conditions and in which stage that the diversity was 

presented. 

Chapter 4 Describes the audiovisual integration in PD patients comparing with 

age-matched healthy adults, and further evaluate whether there is a relative correlation 

between the audiovisual facilitation and cognitive function or sleep disturbance which is 

the significant clinical symptom in PD.   

Chapter 5 Present a general conclusion based on the findings of the three 

experiments. And the future challenges are also described.
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Chapter 2 Audiovisual integration delayed by 

stimulus onset asynchrony between auditory 

and visual stimuli in older adults 

 

Summary 

Although neuronal studies have shown that audiovisual integration is regulated by 

temporal factors, there is still little knowledge about the impact of temporal factors on 

audiovisual integration in older adults. To clarify how stimulus onset asynchrony 

(SOA) between auditory and visual stimuli modulates age-related audiovisual 

integration, 20 younger adults (21–24 years) and 20 older adults (61–80 years) were 

instructed to perform an auditory/visual stimuli discrimination experiment. The results 

showed that in younger adults, audiovisual integration was altered from an 

enhancement (A0V, A±50V) to a depression (A±150V). In older adults, the alterative 

pattern was similar to that for younger adults with the expansion of SOA; however, 

older adults showed significant delayed onset for the time-window-of-integration and 

peak latency in all conditions, which further demonstrated the audiovisual integration 

delayed more severely with the expansion of SOA, especially in the peak latency for 

V-preceded-A conditions in older adults. Our study suggested audiovisual facilitative 

integration occurs only within a certain SOA range (e.g., -50–50 ms) in both younger 

and older adults. Moreover, our results confirmed that the response for older adults 

was slowed and provided empirical evidence that integration ability is much more 

sensitive to the temporal alignment of audiovisual stimuli in older adults.
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2.1 Background 

Individuals are often inundated with stimuli from various sensory modalities (e.g., 

auditory, visual, olfactory, somatosensory). The brain can screen available information 

from multiple senses and integrate them to better perceive the external environment, 

thereby shaping and guiding our behaviors. When chatting with friends at a noisy 

party, to understand each other better, one should focus their attention on moving lips, 

speaking content, eye contact and facial expressions simultaneously. Such interaction 

processing of different modality-dependent sensory information is called multisensory 

integration 
35

. Most of the information that humans use to recognize the world is 

derived from auditory and visual modalities. Furthermore, studies concerning 

multisensory audiovisual integration have revealed that responses to audiovisual 

stimuli are faster and more accurate than responses to unimodal auditory or visual 

stimuli
33,36

. 

Initial investigations on multisensory integration in the superior colliculus (SC) of 

the monkey and cat found that multisensory response magnitudes were highly 

dependent on the stimulus structure. For example, by altering the spatial 

configurations of auditory and visual stimuli, it is possible to elicit enhancement or 

depression, which is defined as a spatial principle. Second, changing the temporal 

relationship between auditory and visual stimuli (SOA) affected the multisensory 

response. When the temporal register was less than 100 ms, there was a maximum 

enhancement; however, this fell to zero and depression occurred in some cases as 

SOA increased, which was defined as a temporal principle. Finally, weaker unisensory 

component stimuli inversely generated a greater enhancement, which was defined as 
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the inverse effectiveness 
37,38

. Recent studies have indicated that this temporal 

principle observed in animals also applies to humans 
39,40

. Bolognini and his 

colleagues 
39

 designed a systematic spatiotemporal disparity experiment and 

instructed subjects to detect visual stimuli that were presented below a threshold in 

either a unimodal visual condition or a bimodal audiovisual condition. Their results 

indicated that the enhancement of the visual response occurred when the auditory and 

visual stimuli were presented simultaneously, but it disappeared at larger SOA (100 

ms, 200 ms, 300 ms, 400 ms, and 500 ms) in young participants under visual selective 

attention. Furthermore, Yang, et al. studied the effect of SOA on audiovisual 

integration in patients with migraines and made observations consistent with those 

that Stein made in animals 
37,40

. Audiovisual integration in both the control group and 

the migraine patients was affected greatly by SOA between auditory and visual 

stimuli, ranging from facilitation (0 ms and 50 ms) to depression (150 ms). Further, 

the audiovisual integration was delayed for migraine patients, but these patients 

showed much higher facilitation of audiovisual integration. These results indicate that 

the temporal structure of a multisensory stimulus pair can intervene in multisensory 

processing in humans.  

Except for the above three principles, present studies have indicated that aging 

effects also greatly influence multisensory integration. Some studies have 

demonstrated that as age increases, significant alterations take place in the sensory 

systems and cognitive functions. The auditory threshold tends to increase and visual 

acuity generally decreases, which typically leads to declines in motor speed, executive 

functions, and memory 
41,42

. Laurienti et al. (2006) and Diederrich et al. (2008) 

conducted an audiovisual discrimination paradigm, and they found that the responses 
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to both unisensory and multisensory stimuli were significantly slower and showed a 

wider time-window-of-integration in older adults 
6,43

. Moreover, Virsu and Poliakoff 

measured the age effect of audiovisual and visuotactile temporal order judgment, and 

they found that crossmodal temporal acuity declined with age 
44,45

. Recently, Gillian 

and colleagues performed temporal order judgment and simultaneity judgment studies, 

and their results indicated that older adults compared with younger adults have a 

larger temporal binding window for temporal order judgment, which further suggested 

an age-related alteration in audiovisual integration 
46

. Although a great deal is known 

about audiovisual integration in older adults, how SOA between a multisensory 

stimulus pair modulates audiovisual integration remains unclear. 

In order to clarify how SOA between auditory and visual stimuli modulate 

audiovisual integration in older adults, we designed an auditory/visual stimuli 

discrimination task. Two subject groups participated in our experiment, and we 

recorded the response time (RT), hit rate and false alarm for all tasks. By comparing 

the audiovisual integration of older adults and younger adults, we assessed whether 

the temporal structure of the audiovisual stimulus pair can influence the audiovisual 

integration of older adults and how this integration is altered by various SOA values 

between auditory and visual events. 

2.2 Methods 

2.2.1 Subjects 

Twenty healthy younger volunteers (21-24 years, mean age ± SD, 21.95 ± 0.89) and 

20 healthy older volunteers (61-80 years, mean age ± SD, 69 ± 4.45) participated in 



Chapter 2 Age-related audiovisual integration: Behavioral study 

17 

 

this study. All the younger adults were undergraduate students that were recruited from 

Okayama University, and the older adults were recruited randomly from the general 

community of Okayama City. All participants had normal hearing and normal or 

corrected-to-normal vision and were naive to the purpose of the experiment. 

Participants were excluded if their mini-mental state examination (MMSE) scores 

were greater than 2.5 standard deviations (SD) from the mean for their age and 

education 
47

. Moreover, participants who reported a history of cognitive disorder were 

also excluded. All participants provided written informed consent to the procedure, 

which was previously approved by the ethics committee of Okayama University. 

2.2.2 Stimuli 

The visual target stimulus was a black and white checkerboard image with two black 

dots contained within the white checkerboard (52 × 52 mm, with a visual angle of 5°), 

which was presented on a black background on a 21-inch computer monitor that was 

positioned 60 cm in front of the participant’s eyes. The task-irrelevant visual stimulus 

was a black-white checkerboard image. All visual stimuli (V) were presented on the 

lower left or lower right quadrant of the screen for 150 ms (at a 12-degree visual angle 

to the left or right of the center and a 5-degree angle below the central fixation). The 

auditory target stimulus was a 1000-Hz white noise, and the task-irrelevant auditory 

stimulus was a 1000-Hz sinusoidal tone. The auditory stimuli (A) were presented 

randomly to the left or right ear through earphones at approximately 60 dB SPL for 

150-ms duration (10 ms of rise/fall cosine gate). The audiovisual stimuli (A0V) were 

presented through a combination of the visual and auditory stimuli at different SOA of 

0, ± 50, ± 100, or ± 150 ms (Figure 2.1B). We chose these SOA based upon the 
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findings of previous studies and our recent study 
37,39,40,48

. The task-irrelevant stimuli 

constituted 30% of the total stimuli, and the duration for each trial varied between 150 

ms and 300 ms, depending upon the SOA. 

2.2.3 Experimental procedure 

The subjects were instructed to perform an auditory/visual stimuli discrimination 

task in a dimly lit, electrically shielded and sound-attenuated room (laboratory room, 

Okayama University, Japan) with their head positioned on a chin rest. Stimulus 

presentation and response collection were conducted using Presentation software 

(Neurobehavioral Systems Inc., Albany, California, USA). Five sessions were 

conducted, with each session lasting for approximately 5 min. At the beginning of 

each session, subjects were presented with a fixation cross for 3000 ms. Following 

fixation the stimulus presented, and the subjects were instructed to identify whether it 

was target or not, and which hemispace was presented. They were instructed to press 

the right button if the target stimuli (black-white checkboard with two black dot, or 

white noise) presented on the right hemispace, and left button if presented on the left 

hemispace as rapidly and accurately as possible. The subject was no need to response 

if the task-irrelevant visual stimulus presented (black-white checkboard or sinusoidal 

tone). After each stimulus, there was an inter-stimulus interval (ISI) that varied from 

1300 to 1800 ms randomly for response and rest of subjects(Figure 2.1A). Each 

session contained 20 unimodal visual stimuli, 20 unimodal auditory stimuli and 140 

audiovisual stimuli (A0V, V50A, V100A, V150A, A50V, A100V, A150V). Each 

subject completed 5 sessions (630 target trials and 270 task-irrelevant trials) and all 

the stimuli presented randomly. 
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Figure 2.1 General layout of the paradigm (A) An example of target stimulus to form 

a possible trail sequence. (B) Decomposition of the relative timing of the target 

auditory and visual stimuli within each of the subtypes of audiovisual stimuli. 

2.2.4 Data analysis 

The hit rates and false alarms were computed separately for each subject and in 

each condition to assess the effectiveness of the data. The hit rate is the percentage of 

correct responses (the response time falls within the average time period ± 2.5 SD) 

relative to the total number of target stimuli, and the false alarm rate is the percentage 

of responses (correct and incorrect) relative to the total number of task-irrelevant 

stimuli. After removing the 6 older subjects whose hit rates were lower than 70% or 
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false alarm rates that were higher than 30%, the mean response time was computed 

for each subject under each condition, and the resulting data were submitted to a 2 

(groups) * 9 (conditions) repeated-measures ANOVA. 

To evaluate the redundant nature of the multisensory condition, cumulative 

distribution functions (CDFs) were used to analyze the mean response time (RT), and 

the multisensory data were compared with an independent race model, which is a 

statistical prediction model that uses the CDF of the summed probability of the visual 

and auditory responses 
28,29

. This model allows for the direct comparison of the 

multisensory condition to the predicted probability of the unimodal conditions［P(A) + 

P (V)］−［P (A) ×P (V)］by segmenting the subject-specific CDFs for each condition 

using 10-ms time bins. P (A) is the probability of responding within a given time in a 

unimodal auditory trial, and P (V) is the probability of responding within a given time 

in a unimodal visual trial. If the probability of a response to the A0V is significantly 

greater than that predicted by the summed probability of A and V, then it suggests that 

the neural integration of the two unimodal inputs has occurred 
28,29

. Then, the 

redundant nature of multisensory conditions was defined by subtracting a subject’s 

race model from his or her audiovisual CDFs at each time bin to generate a difference 

curve for each subject. The greatest audiovisual facilitation is defined as peak benefit, 

and the time from the target presented to the peak benefit is defined as peak latency. A 

one-sample t-test was then performed at each time bin within each group (older and 

younger adults) to identify significant deviations (p < 0.05) by comparing the value at 

each time bin with zero. Finally, the data were also submitted to a 2 (groups) * 5(A0V, 

A50V, A150V, V50A, and V150A) ANOVA followed by post hoc tests to analyze 

the peak latency. 
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2.3 Results 

2.3.1 Response time and hit rates 

9 (conditions) * 2 direction (left, right) repeated-measures ANOVA for RTs were 

conducted, and the results showed that there were no significant directional main 

effect for both older adults [F (1, 13) = 2.669, p = 0.126] and younger adults [F (1, 19) 

= 1.210, p = 0.27]. Therefore, the data from the left and the right hemispaces were 

combined (Table 2.1). 

 

Table 2.1 Mean response times, hit rates and false alarm rates with standard 

deviations for auditory or/and visual discrimination tasks. 

 
Younger adults 

 
Older adults 

 
RT ± SD(ms) Hit rate ± SD False alarm ± SD 

 
RT±SD(ms) Hit rate ± SD False alarm ± SD 

A 657.8±110.2 0.97±0.02 0.04±0.04 
 

804.0±121.7 0.96±0.03 0.02±0.02 

V 581.8±63.7 0.94±0.06 0.04±0.05 
 

777.0±164.7 0.87±0.09 0.15±0.18 

A0V 514.6±60.9 0.97±0.02 0.04±0.04 
 

673.6±110.6 0.98±0.02 0.05±0.04 

V50A 534.8±63.0 0.97±0.02 0.04±0.05 
 

687.4±105.5 0.97±0.03 0.06±0.05 

V100A 556.0±62.1 0.97±0.01 0.03±0.04 
 

719.6±112.1 0.97±0.01 0.06±0.06 

V150A 574.9±70.6 0.97±0.02 0.05±0.06 
 

744.1±110.9 0.97±0.03 0.06±0.05 

A50V 536.6±66.7 0.97±0.02 0.06±0.07 
 

694.4±125.9 0.97±0.02 0.05±0.04 

A100V 552.8±63.0 0.97±0.02 0.07±0.06 
 

701.9±104.0 0.97±0.02 0.05±0.05 

A150V 578.1±68.3 0.97±0.01 0.08±0.06 
 

712.1±90.5 0.97±0.01 0.07±0.06 

 

With the exception of the response to visual stimuli in older adults (hit rate 87%, 

false alarm rate 15%), the mean performance hit rates were greater than 94% and the 

false alarm rates were lower than 8% for both the younger and older groups (see Table 

1). A 2 (groups) * 9 (conditions) repeated-measures ANOVA was performed on the 
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mean RT. The results revealed a significant interaction between group and condition 

[F (8, 256) = 3.150, p < 0.001]. Furthermore, the results also revealed a significant 

main effect for stimulus condition [F (8, 256) = 25.94, p < 0.001], showing a faster 

response when the auditory stimuli and visual stimuli were presented synchronously 

than when they were presented asynchronously or independently. A significant main 

effect for group was also identified, [F (1, 32) = 73.30, p < 0.001] as younger adults 

exhibited a faster response than did older adults. Additionally, within each age group, 

the post hoc comparisons revealed that when SOA was the same, regardless of 

whether the visual or auditory stimulus appeared first (e.g., A50V and V50A), there 

were no significant differences between the temporal orders of A and V (p ˃ 0.05) and 

that the response time for older adults under each condition was significantly longer 

than that for younger adults (p ≤ 0.001). 

2.3.2 Race model comparisons 

A race model was used to analyze the RTs and to evaluate the redundant nature of 

the multisensory condition in each of the experimental conditions (Figure 2.2). The 

relationship was compared by subtracting the race model CDFs from the bimodal 

A0V CDFs for each group (Figures 2.2, 2.3). Significant audiovisual enhancements (p 

< 0.05, one-sample t-test) were found for both groups in conditions A0V (Figure 

2.2C), A50V and V50A (Figure 2.3A); however, in conditions V100A and A100V, 

there were no significant differences between the bimodal stimuli and the predicted 

race model for both groups (Figure 2.3B) (p ˃ 0.05). In contrast to the behavioral 

facilitations in the A0V, A50V and V50A conditions, significant multisensory 

depressions (p < 0.05) were found in the V150A and A150V conditions (Figure 2.3C).  
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Figure 2.2 Distributions of the response times in the simultaneous audiovisual stimuli 

condition. (A) Cumulative distribution functions (CDFs) for the discrimination 

response times to auditory, visual, audiovisual stimuli and race model in younger 

adults. (B) CDFs for older adults. (C) Direct comparison of audiovisual performance 

relative to the predicted race model between younger (solid line) and older adults 

(dotted line) obtained by subtracting the race model CDFs from the bimodal A0V 

CDFs. 
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Figure 2.3 Direct comparison of audiovisual performance relative to the predicted 

race model between younger (solid line) and older adults (dotted line) by subtracting 

the race model CDFs from the bimodal CDFs. (A) SOA = 50 ms, (B) SOA = 100 ms, 

(C) SOA = 150 ms, temporal disparity between auditory and visual stimuli conditions 

for younger and older groups. 
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2.3.3 Onset of the time-window-of-integration and peak latency 

Diederich et al. (2008) reported that cross-modal signal processing includes at least 

two serial stages of saccadic reaction time: an early afferent stage of peripheral 

processing (first stage) followed by a compound stage of converging sub-processes 

(second stage) 
6
. In the second stage, there is a time window (the range significant 

difference between A0V and race model). When the auditory signal and visual signal 

fall into the time window of the integration the two types of signal can be integrated. 

The onset time of the time window was recognized as the initiation of the audiovisual 

interaction
6,49

. By comparing the onset for the time-window-of-integration, we found 

that in each SOA condition, the onset time between the auditory and visual stimuli 

were approximately the same (390 ms, 420 ms, 420 ms, 400 ms and 410 ms for A0V, 

A50V, V50A, A150V and V150A, respectively) in the younger group. However, 

there was significant delay variation for audiovisual interaction onset time in the older 

group (490 ms, 550 ms, 520 ms, 580 ms and 590 ms for A0V, A50V, V50A, A150V 

and V150A, respectively), showing that with an expansion of SOA, the onset time 

was delayed more severe in older adults (Table 2.2).  
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Table 2.2 Peak benefit, peak latency, and time window of audiovisual integration in 

each bimodal condition 

 
Younger adults 

 
Older adults 

 

Peak benefit 

(%) 

Peak latency 

(ms) 

Time window 

(ms) 

Peak benefit 

(%) 

Peak latency 

(ms) 

Time window 

(ms) 

A0V 16.41 510 390～770 
 

12.19 690 490～840 

V50A 8.08 520 420～540 
 

6.978 720 520～540 

V150A -9.591 560 410～790 
 

-14.034 760 590～960 

A50V 8.529 490 420～530 
 

8.156 620 550～630 

A150V -15.55 550 400～750 
 

-6.867 640 580～650 

 

To further assess whether the peak latency varied in different groups and different 

temporal conditions, a 2 (groups) * 5 (bimodal conditions) repeated-measures 

ANOVA was performed on the peak latency, but no significant interaction was 

observed between the bimodal condition and group [F (4, 128) = 0.549, p = 0.657], 

However, significant main effect of the bimodal condition [F (4, 128) = 8.023, p < 

0.001] and group [F (1, 32) = 33.428, p < 0.001] was found (Table 2). Post hoc 

comparisons for the bimodal conditions in the older group revealed that the difference 

between A50V (620 ms) and V50A (720 ms) and between A150V (640 ms) and 

V150A (760 ms) was significant (P < 0.05), but there were no significant differences 

between A50V (620 ms) and A150V (640 ms) or between V50A (720 ms) and V150A 

(760 ms) (p ˃ 0.05), which further showed that the audiovisual integration was 

delayed more severe when the V stimulus was presented prior to the A stimulus (Table 

2). 

2.4 Discussion 
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2.4.1 Audiovisual interaction (enhancement and depression) 

In the present study, the audiovisual enhancement was significant in both younger 

and older groups in the A0V, A50V and V50A conditions (Figs 2.2C, 2.3A). Moreover, 

the enhancement was greatest in the A0V condition (Fig 2.2C) and was decreased in 

both the A50V and V50A conditions (Figure 2.3A). Such results are consistent with 

those of previous animal and human studies 
37,39,40,50

. During electrotonic conduction 

in neurons, passive currents are generated when a synapse is active. Before the neuron 

receives another stimulus, a passive current can make the inside of the cell more 

positive and more likely to generate an action potential (depolarization, excitatory 

postsynaptic potentials) or less positive and less likely to generate an action potential 

(hyperpolarization, inhibitory postsynaptic potential). The audiovisual enhancement in 

the A0V, A50V and V50A conditions might be due to the second stimulus falling into 

the depolarization period 
51

. The largest enhancements are due to super-additive 

combinations of crossmodal influences, whereas the smallest enhancements are due to 

sub-additive combinations 
52

. As indicated in animal studies conducted by Stein et al., 

the maximal levels of response enhancement were generated by an overlap between 

the peak discharge periods that were evoked by each modality, but they were 

decreased with enlargement of the temporal disparity between the auditory and visual 

stimuli 
37

. Moreover, both animal and human studies have proved that oscillatory 

gamma-band responses (GBRs) are closely linked to binding and feature integration 

mechanisms in auditory and visual modalities. Daniel Senkowski and Durk Talsma 

(2007) assessed the SOA effect on early evoked GBRs for the temporal disparity 

between auditory and visual stimuli ranging from -125 ms to +125 ms. Their results 

showed a robust audiovisual interaction with simultaneous audiovisual stimuli, and 
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the effect was observed over both medial-frontal (30–80 ms) and occipital (60–120 

ms) brain regions 
53

. However, if the temporal disparity between auditory and visual 

sensory stimuli was sufficiently large, the second stimulus would fall outside of the 

time-window-of-integration and the enhancement would decrease to zero 
37

. 

Bolognini (2005) also found that a temporal disparity of 100 ms would result in the 

auditory stimulus not being able to facilitate the detection of the visual stimulus 
39

. 

The interaction in the conditions A100V and V100A may be the result of the second 

stimulus falling within the inhibitory postsynaptic potential period elicited by the first 

stimulus, when it cannot or is difficult to receive another stimulus
51

.  

 

In this study, the audiovisual depression was significant for both groups in the 

A150V and V150A conditions. As the SC serves as a region of multisensory 

convergence 
54

, Stein et al. studied temporal multisensory integration using 

multisensory neurons in the SC of the cat as a model. They found response 

enhancement and depression can be evoked in the same cell only by manipulating the 

temporal disparity between two stimuli. They also found that some cells can exhibit 

response depression upon both temporal coincidence and wide temporal separations 
37

. 

Moreover, Wise and Irvin found that more than 70% of the SC cells that are sensitive 

to auditory information can receive inhibitory inputs from the ipsilateral ear 
55

. 

Therefore, it is reasonable to exhibit inhibited behavior when the stimuli were 

separated by as much as 150 ms; however, the mechanism by which this inhibition is 

generated requires further study. 
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2.4.2 Delayed audiovisual integration in older adults 

There was an overall delayed interaction in older adults, both in the onset of the 

time-window-of-integration and the peak latency (Table 2.2). The onset for time 

window of audiovisual integration was 390 ms, 420 ms, 420 ms, 400 ms and 410 ms 

for A0V, A50V, V50A, A150V and V150A respectively for younger adults. However, 

there was significant delay in the older adults (490 ms, 550 ms, 520 ms, 580 ms and 

590 ms for A0V, A50V, V50A, A150V and V150A, respectively). This result was 

consistent with the previous studies of Diederich and Wu
6,56

. Diederich et al. reported 

that older adults were considerably slower than the younger adults under all 

conditions
6
. The results of Wu et al. further indicated that a relatively delayed onset of 

time window for older adults (260 ms after presentation of stimuli), comparing with 

younger adults (240 ms after presentation of stimuli)
56

. Additionally, the peak latency 

also delayed in all bimodal conditions for older adults (690 ms, 620 ms, 720 ms, 640 

ms, and 760 ms for A0V, A50V, V50A, A150V and V150A respectively. However, the 

peak latency for younger adults was 510 ms, 490 ms, 520 ms, 550 ms, and 560 ms 

respectively. These results are also consistent with those from the previous studies of 

Wu et al. 
57

, Mahoney et al. 
58

, and Diederrich et al. 
6
. Wu et al. (2012) conducted a 

Go/No-Go task to detect differences in audiovisual integration, in which they found 

relatively delayed peak latency in older adults (390 ms) compared with younger adults 

(360 ms). To clarify the effect of the stimuli structure on audiovisual integration, Yang 

et al. (2014) studied patients with migraines without auras and indicated that patients 

have a relatively higher audiovisual integration effect and that this effect may be the 

result of a hypersensitivity to light or sound 
40

, indicating a lower threshold to 

auditory or visual stimuli. When compared with younger adults, the older adults 
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showed a higher threshold to the perception of auditory and visual stimuli 
42,59

. Our 

present results have showed a significant lower hit rate for older adults in visual-only 

condition (87%) comparing with younger adults (p < 0.05). woldorff et al. reported 

that attention modulated multisensory integration processing, and the multisensory 

integration effect was relatively greater in attended condition than unattended 

condition
60

. Therefore, one most possible reason that audiovisual interaction was 

delayed for older adults might be the reduction in visual attention. Besides, Wu et al. 

also studied patients with mild cognitive impairment or Alzheimer’s disease by 

comparing the audiovisual integration with that of healthy aged individuals. Their 

results also indicated a delayed audiovisual integration, and the functional deficits 

related to cerebral atrophy observed in patients with AD contributed to the later onset 

time 
61

. There is a cognitive functional decline with aging 
62

, therefore, the cognitive 

functional decline can also be attributed to the delayed audiovisual interaction. 

Moreover, with aging, there is a general decline of motor speed and executive 

function
63,64

. Thus, it is reasonable that audiovisual interaction was delayed in older 

adults. 

2.4.3 Sensitive to temporal disparity in older adults 

Both onset of time-window-of-integration and peak latency were delayed with the 

expansion of SOA in older adults, and this result is consistent with the results 

regarding RTs (Table 2.1). The RT results showed that simultaneous A0V stimuli 

elicited the fastest response, and the response become slower as SOA was increased. 

Due to the difference in velocities difference between auditory and visual information, 

there are differences in their arrival times when the auditory signal originates from an 
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object at a distant location 
65

. Behavioral neuronal studies showed that in the real 

world, our brain has presumably evolved to optimally process such information by 

compensating for such differences with a higher neural transmission rate for auditory 

information than for visual information 
66

. Additionally, to precisely perceive the 

environment, there is a temporal window; when one pair of audiovisual signals fall 

within the temporal window, our brain will integrate them together. Moreover, this 

temporal window can be adapted based on the viewing distance, and this multisensory 

perception seems to remain intact even when the temporal disparity between the 

auditory and visual inputs is large 
65-70

. Recently, Gillian and Michael (2016) reported 

an impaired timing of audiovisual events in the elderly 
46

. They used temporal order 

judgment, simultaneity judgment, and stream/bounce illusion tasks in both younger 

and older groups, and their results revealed an extended temporal binding window for 

temporal order judgment and the stream/bounce illusion task 
46

. Additionally, it is 

generally common that it becomes increasingly difficult to discriminate simultaneity, 

temporal order, and causal relationships among stimuli as age increases. Therefore, 

younger adults can adapt to the SOA changes between auditory and visual stimuli, 

whereas older adults showed deficits in addressing such changes due to a cognitive 

decline. 

Although a temporal stimuli processing mechanism is not well understood, some 

evidence indicates that visual signals are perceptually realigned based on auditory 

signal inputs 
46,71

. That is to say, when one non-matched audiovisual stimuli pair is 

present, perceptual reports tend to be biased to the temporal character of the auditory 

signals 
46,70

; previous studies showed that when a signal flash was accompanied by 

two beeps, the subjects tended to report that they perceived two flashes. Ladan Shams 
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et al. used ERPs to explore the sites of audiovisual interactions, and they found that 

sound can alter visually evoked potentials, which suggests that visual cortex can be 

modulated by an auditory stimulus 
69

. There are two well-known theories that attempt 

to explain this phenomenon: the moveable window and temporal ventriloquism 

theories 
65,72,73

. The moveable window theory suggests that the temporal integration 

window moves as audiovisual stimuli become more distant for the multisensory 

integration to accommodate for the fact that auditory signals will lag behind visual 

signals with increasing distances 
72

. The temporal ventriloquism theory insists that the 

perceived arrival time of visual signals can be ventriloquized into a temporal 

alignment with a followed sound 
73

. Therefore, when a visual signal is presented first 

and precedes an auditory signal, it takes time for the realignment and then integration 

to occur, whereas the audiovisual interaction may occur directly if the auditory signals 

precede the visual signals. However, ERPs are an ideal method for tracking temporal 

characteristics to assess how and when interactions between auditory and visual 

stimuli with SOA occur. Further ERP studies are necessary to clarify the aging effect 

of temporal audiovisual integration. 

2.5 Conclusions 

Our goal was to examine whether SOA between auditory and visual stimuli 

modulates the audiovisual integration in older adults. The results indicated that the 

alterative pattern for audiovisual integration was similar for both groups. The 

enhanced audiovisual integration was greatest when the auditory and visual stimuli 

were presented simultaneously, whereas it was decreased with an enlargement of SOA 

(Figure 2.2, 2.3). However, the onset of the time-window-of-integration and peak 



Chapter 2 Age-related audiovisual integration: Behavioral study 

33 

 

latency for older adults was delayed in all SOA conditions compared with younger 

adults (Table 2.2). Additionally, the onset time in older adults was further delayed 

with an expansion of SOA, and the peak latency delay became more severe when the 

visual stimulus was presented first than when the auditory stimulus was presented first 

(Table 2.2). 
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Chapter 3 Comparison for Younger and Older 

Adults: Stimulus Temporal Asynchrony 

Modulates Audiovisual Integration 

 

Summary 

Recent researches have shown that response magnitudes to multisensory information 

were highly dependent on the stimulus structure. The temporal proximity between 

multiple signal inputs is a critical determinant for cross-modal integration. Here, we 

investigated the influence that temporal asynchrony has on audiovisual integration in 

both younger and older adults by event-related potentials (ERP). Our results showed 

that in the simultaneous audiovisual condition, the early integration was similar for 

younger and older groups. Additionally, the later integration was delayed for older 

adults (280 - 300 ms) compared to that for younger adults (210 - 240 ms). In 

audition-leading vision conditions, the earliest integration (80 - 110 ms) was absent in 

younger adults but did occur in older adults. Additionally, after increasing the temporal 

disparity from 50 ms to 100 ms, the later integration was delayed in both younger (from 

230 - 290 ms to 280 - 300 ms) and older adults (from 210 - 240 ms to 280 - 300 ms). In 

the audition-lagging vision conditions, the integration only occurred in A100V for 

younger adults and in A50V for older adults. The current results suggested that the 

audiovisual temporal integration pattern was different between the audition-leading and 

audition-lagging vision conditions, and further revealed different temporal asynchrony 

effect in younger and older adults on audiovisual integration.
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3.1 Background 

In life, people obtain dynamic effective information from the complex environment 

through multiple senses. The merging of the multiple information inputs aids us in 

making identifications and decisions more quickly and accurately, which is called 

multisensory integration 
7,21,74-76

. Imagine that a firecracker is set off: we integrate the 

visual sparkle and sound of the burst in our brain, which makes it difficult to perceive 

the arrival time difference. However, on a stormy day, we generally see the lightning 

first and then hear the thunderclap. Although the lightning and the thunderclap come 

from a common cause and occur simultaneously, a temporal asynchrony between the 

visual flash and the sound is perceived in our brain. The foregoing life experiences 

indicate that the integration of information from multiple senses obeys the temporal 

principle, which declares that under a slight temporal asynchrony condition, the 

maximum facilitation effect was induced by the greatest overlapping of the response 

trains evoked by unisensory component stimuli 
76

. 

To study the effect of temporal asynchrony on audiovisual integration, Meredith and 

Stein, in their seminal neurophysiological studies, measured the response features of an 

auditory-visual superior colliculus neuron in a cat to a temporally combined stimulation 

21,75
. They found a dramatic increase in the magnitude of response enhancement when 

decreasing the temporal asynchrony between auditory and visual stimuli. In human 

studies, there is consistent behavioral evidence for the significance of temporal 

synchrony in audiovisual integration. Bolognini and ladavas instructed participants to 

conduct a visual detection examination under visual selective attention 
39

. Their results 

indicated that an enhancement of the visual response occurred when the auditory and 
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visual stimuli were presented simultaneously but that it disappeared with larger 

temporal disparities between auditory and visual stimuli, such as 100 ms, 200 ms, 300 

ms, 400 ms, and 500 ms. Additionally, Yang et al. detected audiovisual temporal 

interaction in migraine patients and age-matched normal volunteers, and their results 

revealed an alteration of audiovisual integration from elevation (temporal disparity 

conditions, 0 ms and 50 ms) to suppression (150 ms) 
40

.  

Recently, when analyzing oscillatory gamma-band responses (GBRs) using 

electroencephalography (EEG), Senkowski et al. reported robust multisensory 

interactions in simultaneous audiovisual conditions. In addition, the integration effect 

was found over the occipital areas in auditory-preceded visual stimulus conditions, but 

no significant audiovisual integration was found in visual-preceded auditory conditions 

53
. Additionally, using functional magnetic resonance imaging (fMRI), Van Atteveldt et 

al. reported that multisensory integration was more robust for simultaneous audiovisual 

conditions 
77

. The above neuroimaging evidence demonstrated that audiovisual 

integrative processing is highly sensitive to temporal asynchrony. Furthermore, Liu, B 

and Jin, Z recently investigated the influence of temporal asynchrony on multisensory 

integration in audiovisual processing using video frames of naturalistic motion stimuli 

78
. To make the temporal asynchrony clearer to the participants, they adapted the visual 

stimulus (flicker) and auditory stimulus (stutter) onset asynchrony of -300 ms and 300 

ms. Their results revealed that multisensory integration occurred regardless of the 

temporal asynchrony but was not exactly the same, especially for later integration. 

Studies for the perception of synchrony between auditory and visual modalities 

indicated that a range of temporal disparities exists, within which humans are unable to 

discern the asynchrony, known as the temporal binding window 
67,79-81

. In the study by 
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Liu, B and Jin, Z (2011), the authors focused on a larger temporal disparity (300 ms), in 

which participants perceived temporal asynchrony clearly. Therefore, it is reasonable 

that there was integration diversity between the synchrony and asynchrony conditions. 

However, when the audiovisual temporal disparity falls within the temporal binding 

window, it still remains unclear whether and in what way audiovisual integration is 

altered as a function of the relative timing between auditory and visual stimuli. 

Additionally, aging-effect studies have revealed that the auditory threshold tends to 

increase and the visual acuity generally decreases with aging 
6,7

 and that this 

deterioration can be attributed to a destitute health status and the decline of cognitive 

function in older adults 
64

. However, despite the ongoing deterioration of the sensory 

systems during aging, there is still a large body of evidence for an increase in or 

maintenance of multisensory integration processing in older adults, which can aid older 

people in compensating for the often-destructive consequences of unisensory 

dysfunction
7,31,64

. Using magnetoencephalography, Diaconescu and Hasher 

investigated the diversity of multisensory integration between younger and older adults 

and reported that despite the common sensory-specific regions in both younger and 

older adults, preferential activity in the posterior parietal and medial prefrontal areas 

between 150 ms and 300 ms after audiovisual stimuli onset was found in older adults
10

. 

The authors proposed that the activity of these two brain regions was the basis for the 

integrated response in older adults 
10,64

. However, with normal aging, it is difficult to 

discriminate simultaneity, temporal order and casual relationships among stimuli, 

leading to an increase in the width of the temporal binding window compared to 

younger adults
45,82-85

. A particular interest was on how audiovisual temporal integration 

processing would vary with aging. 
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According to a study conducted by Giard and Peronnet on the ‘additive model’ for 

multisensory integration, we subtracted the summation of ERPs evoked by 

unisensory-auditory and unisensory-visual stimuli from the ERPs evoked by 

audiovisual stimuli 
33

. By comparing such topographical differences, the primary goal 

of this present study was to clarify the mechanism of audiovisual temporal integration 

and the effect of aging on audiovisual temporal integration by recording EEG signals 

from both unisensory-stimuli and audiovisual stimuli (in synchrony or asynchrony). 

3.2 Methods 

A behavioral pre-study was conducted 
86

. The results showed that temporal 

asynchrony between auditory and visual stimuli significantly modulated audiovisual 

integration and that the alternative pattern was different between the younger and older 

groups. The focus of the present study was on analyzing EEG evidence for temporal 

asynchrony modulating audiovisual integration in both younger and older groups. 

3.2.1 Participants 

Fifteen healthy younger volunteers (22 - 25 years, mean age ± SD, 23.00 ± 0.93) and 

15 healthy older volunteers (61 - 76 years, mean age ± SD, 68.20 ± 4.60) were recruited 

as paid volunteers to participate in the study. All younger adults were undergraduate 

students of Okayama University, and the older adults were recruited randomly from the 

general community of Okayama City. All participants had normal hearing and normal 

or corrected-to-normal vision and were naive to the purpose of the experiment. 

Participants were excluded if their mini-mental state examination (MMSE) scores were 
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greater than 2.5 standard deviations (SD) from the mean for their age and education 
87

. 

Moreover, participants who reported a history of cognitive disorder were also excluded. 

All participants provided written informed consent for the procedure, which was 

previously approved by the ethics committee of Okayama University. 

3.2.2 Stimuli and tasks 

The visual target stimulus was a black and white checkerboard image with two black 

dots contained within the white checkerboard (52 × 52 mm, with a visual angle of 5°), 

and the visual task - irrelevant stimulus was a black - white checkerboard image (Figure 

1A). The visual stimuli (V) were presented on the lower left or lower right quadrant of a 

21-inch black background computer monitor for 150 ms (at a 12° visual angle to the left 

or right of the center and a 5° angle below the central fixation). The distance between 

the computer screen and the participant’s eyes was 60 cm (Figure 3.1A). The auditory 

target stimulus was a 1 000 Hz white noise, and the auditory task-irrelevant stimulus 

was a 1 000 Hz sinusoidal tone. The auditory stimuli (A) were presented to the left or 

right ear randomly through earphones at approximately 60 dB SPL for a 150 ms 

duration (including 10 ms of rise/fall cosine gate). The audiovisual stimuli (AV) were 

presented through a combination of the visual and auditory stimuli at different periods 

of stimulus onset asynchrony (SOA) of 0 ms, ± 50 ms, or ± 100 ms (Figure 3.1B). 

Auditory and visual stimuli presented simultaneously were defined as A0V. An 

auditory stimulus leading the visual stimulus by 50 ms or 100 ms was defined as A50V, 

or A100V respectively. An auditory stimulus lagging the visual stimulus by 50 ms or 

100 ms was defined as V50A or V100A, respectively. The SOA were chosen according 

to our previous behavioral studies and other previously published works 
21,39,40,48,53,78,86

. 
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The target stimuli constituted 20% of the total stimuli, and the duration for each trial 

varied between 150 ms and 250 ms, depending on the SOA. 

 

 

Figure 3.1 Schematic description of the experimental design. (A) An example of a 

target stimulus to form a possible trial sequence. After fixation for 3000 ms at the 

beginning of each session, all of the auditory, visual, and audiovisual stimuli were 

presented randomly with a random inter-stimulus interval (ISI) of 1300 - 1800 ms. 

After the presentation of each stimulus, the subject was instructed to identify whether it 

was a target and which hemispace it was presented in by pressing the right or left button 

of a mouse as rapidly and accurately as possible. (B) Decomposition of the relative 

timing of the auditory and visual stimuli within each subtype of audiovisual stimuli. 

A0V: auditory and visual stimuli presented simultaneously. A50V, and A100V indicate 
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that auditory stimuli led visual stimuli by 50 ms and 100 ms, respectively. V50A and 

V100A indicate that visual stimuli led auditory stimuli by 50 ms and 100 ms, 

respectively. 

3.2.3 Procedure 

The subjects were instructed to perform an auditory/visual stimuli discrimination 

task in a dimly lit, electrically shielded and sound - attenuated room (laboratory room, 

Okayama University, Japan) with their head positioned on a chin rest. Eight sessions 

were conducted, with each session lasting approximately 5 min. At the beginning of 

each session, the subjects were presented with a fixation cross for 3 000 ms, and 25 

unimodal visual stimuli, 25 unimodal auditory stimuli and 125 audiovisual stimuli (25 

A0V, 25 V50A, 25 V100A, 25 A50V, 25 A100V) were presented randomly with an 

inter-stimulus random interval (ISI) that varied from 1 300 to 1 800 ms. All  

participants were instructed to identify whether the targets appeared on the left (by 

pressing the left button of the mouse) or right hemispace (by pressing the right button of 

the mouse) as rapidly and accurately as possible. In the experiment, each subject 

completed 1 400 trials (280 target trials and 1 120 task-irrelevant trials). 

3.2.4 Apparatus 

The EEG and behavioral data were recorded simultaneously. The stimulus 

presentation was controlled using Presentation software (Neurobehavioral Systems, 

Albany, CA, USA). An EEG system (BrainAmp MR plus, Gilching, Germany) was 

used to record EEG signals through 32 electrodes mounted on an electrode cap 

(Easy-cap, Herrsching Breitbrunn, Germany). All signals were referenced to the left 
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and right earlobes. Horizontal eye movements were measured by deriving the 

electrooculogram (EOG) from one electrode placed approximately 1 cm at the outer 

canthi of the left eye. Vertical eye movements and eye blinks were detected by deriving 

an EOG from an electrode placed approximately 1 cm below the subject’s left eye. The 

impedance was maintained below 5 kΩ. Raw signals were digitized using a sample 

frequency of 500 Hz, and all data were stored digitally for off-line analysis. The ERP 

analysis was carried out using Brain Vision Analyzer software (version 1.05, Brain 

Products GmbH, Munich, Bavaria, Germany). 

3.2.5 Data analysis 

3.2.5.1 Behavioral data 

The mean response times (RTs) were calculated based on the response that fell 

within the average time period ± 2.5 SD. The hit rate (HR) was the percentage of correct 

responses relative to the total number of target stimuli, and the false alarm rates (FA) 

were the percentage of responses relative to the total number of task-irrelevant stimuli. 

Additionally, sensitivity measures (d’) and response criterion (c) were computed 

separately for different conditions 
88,89

. The behavioral results for all factors (RTs, HR, 

FA, d’, c) were then analyzed using repeated measures analysis of variance (ANOVA), 

and the statistical significance level was set at p ≤ 0.05.  

 

3.2.5.2 ERP data analysis 

The ERPs elicited by the task-irrelative stimuli were analyzed. The data were 

band-pass filtered from 0.1 - 60 Hz during recording at a sample rate of 500 Hz. The 

data were divided into epochs, from 200 ms before to 500 ms after the stimulus onset, 
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and baseline corrections were made against a 200 ms to 0 ms time interval before 

stimuli onset. Trials with horizontal eyeball movements (horizontal EOG amplitudes 

exceeding ± 25 mV), vertical eye movements and eye blinks (vertical EOG amplitudes 

exceeding ± 100 mV), or other artifacts (a voltage exceeding ± 80 mV relative to 

baseline) were rejected automatically from the analysis. In addition, the data associated 

with a false alarm were excluded. The data were then averaged for each stimulus type, 

following digital filtering with a band-pass filter of 0.01 - 30 Hz, and the 

grand-averaged data were obtained across all participants for each stimulus type in each 

electrode. The previous studies showed that audiovisual integration was assessed by the 

difference wave [AV - (A+V)], obtained by subtracting the sum of the ERP waves of 

the unimodal stimuli from the ERP waves of the bimodal stimuli 
33,34

, and the logic of 

this additive model is that the ERPs to bimodal (AV) stimuli are equal to the sum of the 

ERPs to the unimodal (A+V) stimuli, plus the putative neural activities specifically 

related to the bimodal nature of the stimuli. 

Under the A0V condition, we added the ERPs evoked by A and V stimuli, with their 

onset matched in the time window 100 ms before to 400 ms after stimuli onset to create 

combined A_0_V ERPs. In the A50V condition, we added the ERPs evoked by A in the 

time window 100 ms before to 400 ms after A stimuli onset to the ERPs evoked by V in 

the time window 150 ms before to 350 ms after V stimuli onset directly to create 

combined A_50_V ERPs. In the A100V condition, we added the ERPs evoked by A in 

the time window 100 ms before to 400 ms after A stimuli onset to the ERPs evoked by 

V in the time window 200 ms before to 300 ms after V stimuli onset directly to create 

combined A_100_V ERPs. In the V50A condition, we added the ERPs evoked by A in 

the time window 100 ms before to 400 ms after A stimuli onset to the ERPs evoked by 
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V in the time window 50 ms before to 450 ms after V stimuli onset directly to create 

combined V_50_A ERPs. In the V100A condition, we added the ERPs evoked by A in 

the time window 100 ms before to 400 ms after A stimuli onset to the ERPs evoked by 

V in the time window from onset of V stimuli to 500 ms after V stimuli onset directly to 

create combined V_100_A ERPs. Then, we computed the difference between the 

bimodal AV ERPs from the combined [A+V] ERPs (A0V vs A_0_V, A50V vs 

A_50_V, A100V vs A_100_V, V50A vs V_50_A, V100A vs V_100_A) 
34,78

. 

To establish the presence of audiovisual interaction, the statistical analysis was 

conducted in three steps. First, the ERPs for bimodal trials were compared with the 

combined ERPs for unimodal trials using point-wise running t-test (two-tailed) for each 

scalp electrode under each bimodal stimuli condition for each group. Significant 

differences were plotted when at least 24 ms consecutive data points met an alpha 

criterion of less than 0.05 (12 data point = 24 ms at a 500 Hz digitization rate) 
78,90,91

. 

Based on the t-test results, we chose the regions of interest (ROI) and time intervals 

where and when there was significant audiovisual integration. Second, 

repeated-measures ANOVAs were conducted for the bimodal stimuli types and each 

time interval that was selected based on an overview of the significant differences in the 

first step. The mean amplitude data were analyzed with between-subject factors of 

groups, bimodal conditions, electrodes and time intervals. If a significant interaction 

existed among the groups, bimodal conditions, electrodes and the integration time 

interval were observed for the mean ERP amplitudes, the third step of the analysis 

would be performed. Third, the ANOVAs were confirmed separately for each of the 

five bimodal conditions using the factors of group, stimuli type, and electrodes in each 

audiovisual integration time interval. The SPSS version 16.0 software package (SPSS, 
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Tokyo, Japan) was used for all statistical analyses. 

3.3 Results 

3.3.1 Behavioral results 

The 7 Stimuli-type * 2 Hemispace (left, right) ANOVA analysis showed no 

significant lateralization effect for the response to left and right hemispace stimuli in 

both younger [F(1, 14) = 6.131, p = 0.64] and older [F(1, 14) = 1.24, p = 0.18] groups. 

Therefore, the response to the left and right were collapsed for the further analysis 

(Table 1). Repeated-measures ANOVA (2 Groups * 7 Stimuli-type) of the mean 

response times revealed no significant interaction between Group and Stimuli-type [F 

(6, 168) = 1.78, p = 0.17]. However, the main effect of the Stimuli-type [F (6, 168) = 

52.54, p < 0.001] was found, showing a faster response when the auditory stimuli and 

visual stimuli were presented synchronously than when they were presented separately 

or asynchronously (see Table 1 in italic). Additionally, the main effect of the Group [F 

(1, 28) = 12.42, p = 0.001] was also found and indicated that younger adults exhibited 

an obviously faster response than did older adults (see Table 3.1 in bold).  

The analysis for the hit rates showed no significant main effect of Stimuli-type [F(6, 

168) = 2.96, p = 0.61], Group [F(1, 28) = 0.23, p = 0.64], or Stimuli-type * Group 

interaction [F(6,168) = 0.59, p = 0.55]. No significant main effects for Stimuli-type 

[F(6, 168) = 2.29, p = 0.14], Group [F(1, 28) = 2.41, p = 0.13], or Stimuli-type * 

Group interaction [F(6, 168) = 1.91, p = 0.18] were found for the false alarm. 

However, there was a significant main effect of stimuli type on perceptual sensitivity 

(d’) [F (1, 28) = 4.44, p = 0.008], which revealed that the perceptual sensitivity of older 
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adults to the unimodal stimuli V was significantly lower compared to that of younger 

adults (p = 0.033, see Table 1 in bold). However, there were no significant main effects 

of the Group [F (6,168) = 1.54, p = 0.23] or interaction between the Stimuli-type and 

Group [F (1, 28) = 1.25, p = 0.30]. Regardless of the response criterion (c), the main 

Stimuli-type effect [F (6,168) = 1.67, p = 0.161], Group effect [F (1, 28) = 2.03, p = 

0.166], and Stimuli-type * Group interaction [F (6,168) = 1.26, p = 0.28] were not 

significant. 
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Table 3.1 Behavioral mean data (SEM) for all participants in the experiment. 

 A V A0V A50V A100V V50A V100A 

Response time (ms)        

Younger 635(27.69) 658(15.76) 568(16.72) 579(18.42） 593（15.79） 594（15.79） 627（17.02） 

Older 745(27.32) 755(25.55) 692(25.75) 703(25.75) 698(24.82) 707(27.12) 727(25.23) 

Hit rate (%)        

Younger 97.0(0.44) 95.3(1.40) 97.0(0.27) 98.2(0.45) 96.7(0.72) 96.7(0.40) 96.0(0.64) 

Older 95.7(0.59) 93.8(2.3) 96.8(0.82) 97.5(0.67) 97.5(0.57) 97.1(0.61) 96.3(0.55) 

False alarm (%)        

Younger 0.13（0.09） 0.29（0.15） 0.13（0.09） 0.29（0.08） 0.17（0.13） 0.17（0.009） 0.25（0.18） 

Older 0.25（0.08） 2.50（0.50） 0.38（0.18） 0.33（0.23） 0.58（0.27） 0.38（0.17） 0.25（0.08） 

Perceptual sensitivity (d')        

Younger 4.58（0.056） 4.40（0.014） 4.58（0.051） 4.65（0.066） 4.54（0.083） 4.52（0.065） 4.45（0.092） 

Older 4.39（0.047） 4.03（0.017） 4.52（0.097） 4.57（0.093） 4.51（0.11） 4.53（0.075） 4.43（0.068） 

Response criterion (c)        

Younger 0.39（0.031） 0.42（0.046） 0.39（0.023） 0.30（0.029） 0.40（0.049） 0.41（0.029） 0.43（0.44） 

Older 0.44（0.040） 0.29（0.081） 0.34（0.049） 0.32（0.044） 0.30（0.048） 0.33（0.054） 0.42（0.035） 

A = Auditory-only stimulus, V = Visual-only stimulus, A0V = Simultaneous Audiovisual stimulus, A50V = Auditory leading visual stimulus by 50 ms, 

A100V = Auditory leading visual stimulus by 100 ms, V50A = Auditory lagging visual stimulus by 50 ms, V100A = Auditory lagging visual stimulus by 100 

ms. 

Bold font indicates a statistically significant difference between younger and older adults. Bold italic font indicates a statistically significant main effect of 

stimuli type. 
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3.3.2 ERP results 

Based on the t-test statistical analysis and the topographical response pattern, five 

ROIs (frontal: F7, F3, Fz, F4, F8; fronto-central: FC5, FC1, FC2, FC6; central: C3, Cz, 

C4; centro-parietal: CP5, CP1, CP2, CP6 and occipital: O1, O2, O3) and six integration 

time intervals (80 - 110 ms, 140 - 160 ms, 190 - 220 ms, 210 - 240 ms, 230 - 290 ms, 

and 280 - 300 ms) were selected. Because there was no significant lateralization effect 

for each ROI (Figure 3.5), we chose one electrode of each ROI going on the following 

analysis (Fz, FC1, Cz, FP1 and Oz). Analysis of the mean amplitudes, using 2 (Group) 

* 10 (Stimuli-type) * 5 (Electrode) * 6 (Time-interval) ANOVA, revealed a significant 

Group * Stimuli-type * Electrode * Time-interval interaction [F (180, 5040) = 2.46, p 

= 0.013]. The results suggested different audiovisual integration patterns for different 

SOA conditions, and for younger and older groups. Therefore, we analyzed the 

diversity in detail as follows. 

3.3.2.1 Synchronous audiovisual condition 

Figure 3.2 displays A0V and A_0_V ERPs at the five ROI regions for both younger 

and older groups. For the younger group, audiovisual integration was found in the time 

intervals 80 - 110 ms, 140 - 160 ms and 210 - 240 ms. For the older group, audiovisual 

integration was found in the time intervals 80 - 110 ms, 140 - 160 ms, 190 - 220 ms, and 

280 - 300 ms (topography shown in Figure 5), which suggested that the younger and 

older adults have similar early integration time intervals. However, the distribution 

was different for the two groups. In the time interval 80 - 110 ms, the audiovisual 

integration was found in the frontal, fronto-central, central, and central-parietal 

regions in both groups. However, the earliest integration found in the occipital region 
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for older adults was absent for younger adults. Additionally, the later integration was 

obviously delayed in older adults (280 - 300 ms) than in younger adults (210 - 240 ms). 

 

The 2 (Group) * 2 (Stimuli-type) * 5 (Electrode) ANOVA was conducted for the two 

early audiovisual integration time intervals, and there was a significant main effect of 

Stimuli-type for both time intervals: 80 - 110 ms [F (1, 28) = 130.92, p < 0.001] and 

140 - 160 ms [F (1, 28) = 42.72, p < 0.001]. Of interest, in the time interval 80 - 110 ms, 

the ERPs of A0V were more positive than the ERPs of A_0_V. However, in the time 

interval 140 - 160 ms, the ERPs of A0V were more negative than the ERPs of A_0_V.  

 

 

Figure 3.2 Grand-average event-related potentials elicited by simultaneous audiovisual 

stimuli and the summation of auditory plus visual stimuli. Event-related potentials of 

the sum of the unimodal stimuli (A+V) and bimodal (A0V) stimuli at a subset of 

electrodes are shown from 100 ms before the stimulus to 400 ms after stimulus onset. Y: 

younger adults, E: elderly adults. 

 

3.3.2.2 Audition-leading vision conditions  

Figure 3.3 displays the A50V, A_50_V, A100V, and A_100_V ERPs at the five ROI 
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regions for the younger and older groups. For the younger group, audiovisual 

integration was found in the time interval 230 - 290 ms after auditory stimulus onset in 

A50V and in the time interval 280 - 300 ms after auditory stimulus onset in A100V. 

For the older group, audiovisual integration was found in the time intervals 80 - 110 ms, 

190 - 220 ms, and 210 - 240 ms after auditory stimulus onset in A50V and in the time 

intervals 80 - 110 ms, 190 - 220 ms, and 280 - 300 ms after auditory stimulus onset in 

A100V (topography shown in Figure 3.5). The result showed that the early integration 

was absent in younger adults, but it occurred in older adults. Moreover, the later 

integration was delayed when the temporal disparity was increased from 50 ms to 100 

ms in both groups. The present results further revealed the different audiovisual 

integration pattern between A50V and A100V for both younger and older adults. 

Therefore, ANOVA was conducted separately in different bimodal conditions for both 

younger and older groups in each audiovisual integration time interval using the 

factors Stimulus-type and Electrode. 

3.3.2.2.1 Audition-leading vision by 50 ms 

For the average ERPs of younger adults on the 5 electrodes Fz, FC1, and Cz in the 

time interval 230 - 290 ms, the 2 (Stimuli-type) * 3 (Electrode) ANOVA revealed a 

significant main effect of Stimuli-type [F (1, 14) = 5.75, p = 0.031] and Electrode [F (2, 

28) = 7.51, p = 0.004] but no significant interaction between Stimuli-type*Electrode [F 

(2, 28) = 1.45, p = 0.254].  

For the average ERPs of the older adults on the 4 electrodes FC1, Cz, CP1 and Oz in 

the time interval 80 - 110 ms, 2 (Stimuli-type) * 4 (Electrode) ANOVA revealed a 

significant main effect of Stimuli-type [F (1, 14) = 7.91, p = 0.014] and Electrode [F (3, 

42) = 38.38, p < 0.001]. For the average ERPs on the 2 electrodes CP1 and Oz in the 
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time interval 190 - 220 ms, 2 (Stimuli-type) * 2 (Electrode) ANOVA revealed a 

significant main effect of Stimuli-type [F (1, 14) = 8.61, p = 0.011]. For the average 

ERPs on the 3 electrodes FC1, Cz, and CP1 in the time interval 210 - 240 ms, 2 

(Stimuli-type) * 3 (Electrode) ANOVA revealed a significant main effect of 

Stimuli-type [F (1, 14) = 7.99, p = 0.012], and Electrode [F (2, 28) = 7.04, p = 0.016]. 

3.3.2.2.1 Audition-leading vision by 100 ms  

First, in the time interval 280 - 300 ms, for the average ERPs on the 4 electrodes Fz, 

FC1, Cz, and CP1 in the two groups, the 2 (Group) * 2 (Stimuli-type) * 4 (Electrode) 

ANOVA revealed a significant main effect of Stimuli-type [F (1, 28) = 29.37, p < 

0.001], Electrode [F (3, 84) = 3.61, p = 0.040] and Group [F (1, 28) = 5.53, p = 0.026]. 

Additionally, there was a significant interaction between Electrode*Group [F (3, 84) = 

10.75, p < 0.001], but no significant interaction between 

Stimuli-type*Electrode*Group [F (3, 84) = 1.39, p = 0.0.258]. 

Additionally, for the average ERPs of older adults on the 4 electrodes FC1, Cz, CP1, 

and Oz in the time interval 80 - 110 ms, the 2 (Stimuli-type) * 4 (Electrode) ANOVA 

revealed a significant main effect of Stimuli-type [F (1, 14) = 9.72, p = 0.008] and 

Electrode [F (3, 42) = 40.99, p < 0.001]. For the average ERPs on the 2 electrodes CP1 

and Oz in the time interval 190 - 220 ms, the 2 (Stimuli-type) * 2 (Electrode) ANOVA 

revealed a significant main effect of Stimuli-type [F (1, 14) = 24.62, p < 0.001], and 

Electrode [F (1, 14) = 0.67, p = 0.426]. 
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Figure 3.3 Grand-averaged event-related potentials elicited by auditory leading vision 

stimuli. (A) We added the ERPs evoked by A in the time window 100 ms before to 400 

ms after A stimuli onset to the ERPs evoked by V in the time window 150 ms before to 

350 ms after V stimuli onset to create combined A_50_V ERPs. (B) We added the 

ERPs evoked by A in the time window 100 ms before to 400 ms after A stimuli onset to 

the ERPs evoked by V in the time window 200 ms before to 300 ms after V stimuli 

onset to create combined A_100_V ERPs. Y: younger adults, E: elderly adults. 

3.3.2.3 Audition-lagging vision conditions 

Figure 3.4 displays the V50A and V_50_A (Figure 4A), V100A and V_100_A 

(Figure 4B) ERPs at the five ROI regions for the younger and older groups. 

Audiovisual integration occurred in the time interval 140 - 160 ms across electrodes Fz, 

FC1, Cz and CP1. The 2 (Stimuli-type) * 4 (Electrode) ANOVA revealed a significant 
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main effect of Stimuli-type [F (1, 14) = 6.70, p = 0.021], and Electrode [F (3, 42) = 6.95, 

p = 0.004]. Moreover, there was significant ERP wave diversity in time interval 190 - 

220 ms in electrode Oz (t-test, p = 0.012).  

For the older group, audiovisual integration was found in time interval 280 - 300 ms 

in electrodes FC1, Cz and CP1, and the 2 (Stimuli-type) * 3 (Electrode) ANOVA 

revealed a significant main effect of Stimuli-type[F (1, 14) = 8.77, p = 0.010], and 

Electrode [F (2, 28) = 6.75, p = 0.015]. In addition, Figures 4 and 5 indicate that there 

was some diversity for the V50A and V_50_A ERP mean amplitude waves, but no 

statistical evidence for this observation could be found (all the significant difference 

topography spatio-temporal map were marked in gray in Figure 3.5).  

 

 

Figure 3.4 Grand-averaged event-related potentials elicited by vision leading auditory 

stimuli. (A) We added the ERPs evoked by A in the time window 100 ms before to 400 
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ms after A stimuli onset to the ERPs evoked by V in the time window 50 ms before to 

450 ms after V stimuli onset to create combined V_50_A ERPs. (B) We added the 

ERPs evoked by A in the time window 100 ms before to 400 ms after A stimuli onset to 

the ERPs evoked by V in the time window from the onset of visual stimulus to 500 ms 

after V stimuli onset to create combined V_50_A ERPs Y: younger adults, E: elderly 

adults. 
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Figure 3.5 Topography of the different significant spatio-temporal patterns of 

audiovisual integration in each bimodal condition. All the significant audiovisual 

integration was marked by the gray background. 
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3.4. Discussion 

3.4.1 Multisensory integration in Synchronous audiovisual condition  

Our data showed that the earliest integration in the occipital region (80 - 110 ms) 

occurred in older adults but was absent in younger adults. Previous fMRI and EEG 

studies have proven that traditionally considered sensory-specific regions (e.g., primary 

visual cortex) show an audiovisual integration effect 
92-94

. Moreover, direct anatomical 

connections between the occipital regions (visual processing) and superior temporal 

regions (auditory processing) have confirmed that they may play a key role in 

audiovisual integration 
95

. Studies have found that reduced functional efficiency in the 

occipital region often occurred in older adults compared with younger adults 
96

. To 

demonstrate equivalent performance to that observed in younger adults at low levels of 

cognitive load, older adults showed increased activity and dedifferentiation of the 

occipital cortex 
96-98

. Such a reduced selective engagement of separate visual regions 

may dim the hierarchical neural process and may further be attributed to faster 

audiovisual integration in older adults. 

 

Additionally, the later audiovisual integration was significant delayed in older adults. 

In our current study, the later integration occurred in the time interval 210 - 240 ms for 

younger adults and in 280 - 300 ms for older adults. Due to the loss of brain mass, 

structural changes underlying functional alterations, or age-related inhibitory 

neurotransmitter GABA loss, behavioral studies on aging effect have revealed 

non-specific slowing of cognitive processing as the result of generally dysfunctional 

sensory systems 
64,82,99,100

. Diederich et al. reported that the responses of older adults 
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were significantly slower than those in younger adults under all conditions 
6
. Moreover, 

similar to our results, Wu et al. found a delayed audiovisual integration time window 

for older adults (260 ms after stimuli onset) using race modal analysis compared with 

younger adults (240 ms after stimuli onset) 
56

. Therefore, generally dysfunctional 

sensory systems might provide a fundamental explanation for the delayed later 

integration in older adults. Although older adults retain an intact perception ability to 

the inputs from environment, their perceptive ability alternated greatly 

6,7,31,56,58,64,82,100,101
. Our current behavioral data revealed that older adults have a 

relatively lower visual perceptual sensitivity (p = 0.033). This decreased perceptive 

sensitivity can attenuate the peripheral processing speed of visual signals and may 

further delay the audiovisual integration in multisensory brain areas. Additionally, 

Woldorff et al. reported that attention modulated the multisensory integration 

processing and that the integration effect was greater in attended condition than that in 

the unattended condition
60

. Extensive research has yielded evidence of 

attention-decline in older adults
102-104

; therefore, another possible reason for the 

delayed audiovisual interaction in older adults might be a reduction in visual attention. 

3.4.2 Multisensory integration in audition-leading vision conditions 

The early integration was absent in younger adults in audition-leading vision 

conditions but did occur in older adults. Numerous investigations have shown that the 

auditory threshold tends to increase and that visual acuity generally decreases with age 

41,42
. Recently, Gillian and Michael reported an impaired timing of audiovisual events 

in the elderly. They systematically examined scores of simultaneity judgment, temporal 

order judgment, and stream/bounce illusion tasks in younger and older groups. Their 
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results revealed an extended temporal binding window for temporal order judgment 

and the stream/bounce illusion task 
82

. The ‘time-window-of-integration model’ 

presumes that cross-modal signal processing includes at least two serial stages of 

saccadic reaction time: an early afferent stage of peripheral processing (first stage) 

followed by a compound stage of converging sub-processes (second stage) 
6,49

. 

Therefore, younger adults can perceive the audiovisual disparity in the peripheral 

neural excitations in visual and auditory pathways, and do not integrate them together 

in the first stage. However, because of the declining precision of perceptual ability in 

older adults, it is difficult for them to perceive the temporal disparity between the visual 

and auditory stimuli. Although there is temporal asynchrony, they integrate the two 

signals together in illusion. 

Furthermore, the current study showed that in audition leading vision conditions, 

the later integration was delayed significantly with increases of SOA. For younger 

adults, the later integration was found in the time interval 230 - 290 ms in the A50V 

condition and in the time interval 280 - 300 ms in the A100V condition. For older 

adults, the later integration was found in time interval 210 - 240 ms in the A50V 

condition and in the time interval 280 - 300 ms in the A100V condition. This is the 

first report that with increases in the SOA, the later integration was delayed. 

Consistent with our current results, previously myriad behavioral investigations have 

reported slower response to temporal asynchrony audiovisual stimuli pairs compared 

with those in the simultaneous audiovisual condition 
39,40,86

. According to 

‘time-window-of-integration model’, because the first stage refers to very early sensory 

processing, the processing time for visual and auditory signals is assumed to be 

statistically independent 
6,49

. In the A100V condition, the presentation time of the visual 
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stimulus was delayed compared to that in A50V. The processing of the visual signal 

was reasonably delayed, as was the second neural integration stage. Therefore, it is 

logical that the audiovisual integration was delayed in A100V compared to that in 

A50V. 

3.4.3 Multisensory integration in audition-lagging vision conditions 

Interestingly, in the same temporal disparity between auditory and visual stimuli 

(A50V and V50A, A100V and V100A), integration was markedly different from that in 

the audition-leading vision conditions for both older and younger groups. Although a 

study focusing on audiovisual temporal asynchrony processing is rare, evidence has 

shown that visual signals were realigned perceptually based on the auditory signal 
71,82

. 

That is, when a non-matched audiovisual stimuli pair was presented, the perceptual 

reports tended to be biased to the temporal character of the auditory signals 
70,82

. For 

example, when one flash is presented accompanying two beeps, the subject tended to 

report that they perceived two flashes. Two theories can explain this phenomenon: 

ventriloquism theory and moveable window and temporal theory 
65,72,73

. The 

ventriloquism theory proposes that the perceived arrival time of the visual signal can be 

ventriloquized into a temporal alignment with a followed sound 
73

. Due to the different 

velocities of auditory and visual signals, there are different arrival times when an 

auditory signal originates from an object at a distant location 
65

. To compensate for such 

differences during the perception of the environment in the real world, our brain 

adaptively exhibits a relatively higher neural transmission rate for auditory signals than 

that for visual signals 
66

. The moveable window theory proposes that the temporal 

integration window moves as the audiovisual stimuli become more distant for the 
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multisensory integration to accommodate for the fact that the auditory signal will lag 

behind the visual signal with increasing distance 
72

. Therefore, in audition-leading 

vision conditions, the audiovisual integration can be induced immediately; however, in 

vision-leading auditory conditions, the realignment takes time, leading to different 

audiovisual integration mechanisms between audition-leading and vision-leading 

audition conditions. 

Additionally, the integration pattern was significantly different between younger 

and older adults in both the V50A and V100A conditions. No significant audiovisual 

integration occurred in the V50A condition in younger adults; however, a significant 

audiovisual integration time interval of 280 - 300 ms was found across the 

frontal-central, central, and central-parietal regions for older adults. Single-unit animal 

recording studies reported that when auditory and visual stimuli were presented closely, 

maximal response facilitation was generated by the overlapping of the peak triggered 

by each modalities; however, this facilitation decayed to zero as the temporal disparity 

increased between bimodalities 
21,75

. Behavioral studies in humans also indicated that 

after the first stimulus, there was a time course to accept the second stimulus. If the 

second stimulus fell into the available time course, the two inputs could be integrated 

together; otherwise, they would not be integrated 
6,76,77,85,100

. The current results 

suggested that for younger adults, the second auditory signal fell outside the integration 

time window triggered by the first visual signal in the V50A condition. However, 

previous behavioral studies showed that compared with younger adults, older adults 

exhibited a relatively wider time window of integration 
6,7,31,56

. Therefore, in the V50A 

condition, the auditory signal fell into the opened time window triggered by the 

antecedent visual signal, and the audiovisual integration occurred for older adults. This 
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is the first report for the EEG evidence of relative wider binding window in older 

adults. 

However, when the SOA was increased to 100 ms, although younger adults could 

perceive the dissociation, as a cue, the antecedent visual signal can facilitate the 

processing of a succeeding auditory signal. Recent findings have suggested that 

putative sensory-specific cortices are responsive to inputs presented through a different 

modality and that visual temporal cues can largely speed up the following auditory 

processing 
105-110

. However, such crossmodal facilitation only occur when the 

antecedent cue and the following target are both presented within a limited time course, 

typically 100 - 200 ms 
92,111

. Therefore, the significant difference between the ERP 

waves for V100A and V_100_A might be largely attributed to the cue-target effect 

more than audiovisual integration. In contrast, for older adults under the V100A 

condition, the second auditory signal might fall outside the integrative time window 

triggered by the first visual signal. However, the audiovisual stimuli interval was not 

sufficiently long to serve as a robust warning cue for the following auditory stimulus. 

Therefore, there was no significant interaction found in V100A for older adults. 

3.5. Conclusions 

In our current experiment, we found that temporal disparity between auditory and 

visual inputs modulated audiovisual integration processing greatly. The audiovisual 

temporal integration pattern was different between the audition-leading and 

audition-lagging vision conditions. The current results further revealed different 

temporal asynchrony effect in younger and older adults on audiovisual integration. In 

the simultaneous audiovisual condition, a similar early integration was observed for 
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both groups in the time intervals 80 - 110 ms and 140 - 160 ms. However, the earliest 

integration (80 - 110 ms) occurred in the occipital region for older adults was absent in 

younger adults. Additionally, the later integration time interval was delayed for older 

adults (280 - 300 ms) compared to younger adults (210 - 240 ms). In audition-leading 

vision conditions, the earliest integration (80 - 110 ms) was absent for younger adults, 

but it occurred in older adults. Additionally, with increases of the SOA from 50 ms to 

100 ms, the later integration was delayed in both younger (from 230 - 290 ms to 280 - 

300 ms) and older groups (from 210 - 240 ms to 280 - 300 ms). In audition-lagging 

vision conditions, for younger adults, there was no significant integration observed in 

V50A; however, a significant difference between V100A and V_100_A ERP waves in 

the time intervals 140 - 160 ms and 190 - 220 ms was found to result from the 

cue-target effect. For older adults, later audiovisual integration was observed in time 

interval 280 - 300 ms; however, no significant difference was found between V100A 

and V_100_A ERP waves. 
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Chapter 4 Audiovisual integration elicited by 

peripheral stimuli was absent in Parkinson’s 

disease regardless of sleep disturbances 

 

Summary 

Multisensory integration is the brain’s ability to integrate information coming from 

complex environment through multiple senses. Basal ganglia as a significant 

multisensory hub is disordered in Parkinson’ Disease (PD). The response to all stimuli 

was significantly delayed for PD than that for NC (all p < 0.01). The response to 

audiovisual stimuli was significantly faster than that to unimodal stimuli in both NC 

and PD (p < 0.001). Additionally, audiovisual integration was absent in PD, however, 

it did occur in NC. The further analysis showed there was no significant audiovisual 

integration for PD with/without cognitive impairment and PD with/without sleep 

disturbances. Furthermore, there was no significant correlation of audiovisual 

facilitation with Hoehn and Yahr stage or PD disease duration with/without sleep 

disturbances (all p > 0.05). The current results revealed that audiovisual multisensory 

integration for peripheral stimuli was absent in PD regardless of sleep disturbances. 

The results further suggested that the abnormal audiovisual integration might be a 

potential early manifestation in PD. 
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4.1 Background  

Parkinson’s disease (PD) is traditionally recognized as a movement disorder, 

notably akinesia; however, recent pieces of evidence have suggested that patients with 

PD also have various non-motor disturbances, such as depression, cognitive 

impairment, sleep disorders, and olfactory disturbance 
112,113

. Moreover, non-motor 

symptoms are sometimes present before the onset of motor symptoms during 

‘pre-motor stage’ and influence quality of life. Therefore, many studies have focused 

on the early detection and management of non-motor symptoms 
112

.  

People obtain dynamic effective information from the complex environment through 

multiple senses. There are substantial researches reported that people with PD 

presented sensory and perceptual impairments 
114

, revealing a delayed response to 

auditory or visual stimuli as compared with age-matched healthy controls
115-118

. 

However, simple reaction time task includes many steps: identifying and evaluating 

the stimulus, selecting the appropriate response, and programming and executing the 

movement. Thus, any one or all of these stages may  lead to the delayed reaction 

time 
116

. For PD patients, the slowness of the simple reaction time may result from the 

slowness of movement, comparing with age-matched normal controls. To quantitative 

assessment of sensory processing speeds, it is necessary to remove the redundant time 

for executing the movement. Of note, individuals are often inundated with stimuli 

from various sensory modalities, merging multisensory information is crucial to make 

a rapid and accurate response 
7,21,74-76

. Therefore, the quantitative assessment of 

multisensory integration processing ability is more meaningful for investigation of 

PD.  
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By comparing reaction times to multisensory stimuli and to individual component 

unisensory stimuli, quantitative assessment of multisensory integration can be 

performed, while controlling for executing movement response times in PD 
28,119,120

. 

PD is a progressive neurodegenerative disorder caused by loss of dopaminergic 

neurons in the basal ganglia 
121-123

. Nagy et al. confirmed that similarly to superior 

colliculus and related structures, basal ganglia (e.g. caudate nucleus and substantia 

nigra) have the ability to integrate multisensory information by an extracellular 

single-cell recording technique 
123

. Few studies have reported the audiovisual 

integration ability in PD. Fearon et al. 
119

 recently reported abnormal audiovisual 

processing comparing with age-match healthy controls, but in their study, the visual 

stimuli were presented centrally. Previous studies indicated that the location of the 

presented stimuli affect the stimuli detection and discrimination greatly. The more 

peripheral a visual or auditory stimuli was (from 0º to 60º), the slower both the 

response accuracy and speed 
124,125

. Nidiffer et al. 
125

 further found a similar pattern 

when response to audiovisual stimuli. Furthermore, the authors also reported larger 

performance facilitation as stimuli positioned at more peripheral locations, which 

certified that the stimuli location (central or peripheral) influence audiovisual 

integration greatly 
125

. However, it is still sealed whether the multisensory integration 

for peripheral stimuli was altered similar to that presented centrally.  

Furthermore, sleep disturbances that have a detrimental effect on health-related 

quality of life, are common disabling non-motor symptom of PD, and can be 

presented at any course of PD and even at the initiative stage 
126

. Sleep disturbances 

are estimated to occur in 60 - 98 % of patients with PD 
126-128

. Multiple factors are 

contributed to sleep disturbances, including PD-related pathological changes, 
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nocturnal motor / non-motor symptoms, medication use, and comorbid primary sleep 

disorders 
129

. However, there has been no investigation focused on audiovisual 

integration of PD patients with sleep disturbances. It is completely unknown whether 

sleep disturbances will worsen the abnormal audiovisual integration in PD. 

Using auditory/visual stimuli discrimination task, the present study aimed to 

quantitatively detect the audiovisual integration ability of PD to peripheral stimuli, 

and further evaluate the effect of sleep disturbances on PD-related peripheral 

audiovisual integration.  

4.2 Methods 

4.2.1 Subjects 

A total of 36 healthy age-matched healthy volunteers (62 - 78 years, mean age ± SD, 

69.69 ± 4.41) and 30 PD patients (53 - 82 years, mean age ± SD, 67.53 ± 9.1) 

participated in this study. All the age-matched healthy volunteers as normal control 

group were recruited from Okayama Silver Human Resources Center randomly, and 

all PD patients were recruited from Department of Neurology, Dokkyo Medical 

University Hospital. A diagnosis of PD was made according to the established criteria 

by board-certified neurologists 
130

. They were naïve to the device and to the task. All 

participants provided written informed consent to the procedure, which was previously 

approved by the ethics committee of Okayama University (NC) or Dokkyo Medical 

University Hospital (PD) specifically according to the location the examination 

performed. For the NC group, all participants were good physical condition and not 

taking medications which would have central effects. 
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4.2.2 Stimuli 

The visual stimulus was a black and white checkerboard image (52 × 52 mm), which 

was presented on a black background on a 21-inch computer monitor positioned 60 cm 

in front of the participant’s eyes. All visual stimuli (V) were presented on the lower left 

or lower right quadrant of the screen for 150 ms (at a 12-degree visual angle to the left 

or right of the centre and a 5-degree angle below the central fixation). The auditory 

stimulus was a 1 000-Hz sinusoidal tone, presented randomly to the left or right ear 

through earphones at approximately 60 dB SPL for 150 ms duration (10 ms of rise/fall 

cosine gate). The audiovisual stimuli (AV) were presented through a combination of 

the visual and auditory stimuli. Each subject just conducted one session, containing 50 

visual stimuli, 50 auditory stimuli and 50 audiovisual stimuli.  

4.2.3 Experimental procedure 

Each subject was instructed to conduct the experiment including two parts, 

questionnaire assessments session and an auditory/visual stimuli discrimination 

session. All the questionnaires were completed in outpatient department or special 

quite room with the assistance of professional staff. For the auditory/visual 

discrimination session, each subject was tested individually in a quiet room free from 

external noise and distraction, thereby minimizing the influences of any physiological 

effects. 

4.2.3.1 Questionnaire assessments 

The overall cognitive function was estimated using Montreal Cognitive Assessment 

(MOCA) 
131

. The Japanese version of the Parkinson's Disease Sleep Scale (PDSS-2) 

132
, Epworth Sleepiness Scale (ESS; Murray W. Johns and Shunichi Fukuhara, 2006), 
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and Pittsburgh Sleep Quality Index (PSQI) 
133

 were used to evaluate sleep statue. 

Additionally, for the PD patients, Hoehn and Yahr (HY) staging was used to rate 

disease severity 
134

, and the disease duration was collected from the attending 

physician after receiving patient's permission. This session lasted approximately 40 

mins. 

4.2.3.2 Auditory/visual stimuli discrimination session 

The subjects were instructed to perform an auditory/visual stimuli discrimination 

task in quite room (laboratory room, Okayama University or Dokkyo Medical 

University Hospital, Japan) with their eyes fixed on the fixation cross. All participants 

were naïve to the device and to the task. Stimulus presentation and response collection 

were conducted using Presentation software (Neurobehavioral Systems Inc., Albany, 

California, USA). At the beginning subjects were presented with a fixation cross for 3 

000 ms. Following fixation all stimuli were presented randomly, and the subjects were 

instructed to identify which hemispace was presented. They were instructed to press 

the right button if the stimulus presented on the right hemispace and the left button if 

presented on the left hemispace as rapidly and accurately as possible. After each 

stimulus, there was an inter-stimulus interval (ISI) that varied from 2 000 to 3 000 ms 

randomly for subject response and rest(Figure 4.1). This session lasted approximately 

6.3 mins.  
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Figure 4.1 Schematic description of the experimental design. 

4.2.4 Data analysis 

4.2.4.1 Questionnaire assessments 

The subject was defined as a poor sleeper if having a global PDSS-2 score ≥ 15 
132

. 

The subject was recognized as having excessive daytime sleepiness if a total ESS 

score ≥ 11
135

, and indicated as insomnia if overall PSQI score ≥ 6 
136

. In the current 

study, we divided into PD with or without sleep disturbances mainly according to 

PDSS-2 score. The global score was computed separately for each subject in every 

assessment, and then the resulting data were submitted to a one-sample t-test 

(two-tailed).  

4.2.4.2 Mean response time and hit rates 

In the auditory/visual discrimination session, the hit rates and mean response times 

were computed separately for each subject and in each condition. The hit rate is the 

percentage of correct responses (the response time falls within the average time period 

± 2SD) relative to the total number of stimuli. The mean response time was analysed 
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for the average response time for all the correct responses. Finally, the data was 

submitted to a 2 groups (NC and PD) * 3 conditions (A, V, AV) Repeated Measures 

ANOVA followed by post hoc tests to analyse the main effect and factors interaction. 

4.2.4.3 Race model 

In the current study, the audiovisual integration was evaluated by redundant nature 

effect. To examine the redundant nature effect of multisensory integration for the 

bimodal stimuli condition, we analysed mean response times again by using 

cumulative distribution functions (CDFs). The bimodal AV data was compared with 

an independent race model, which is a statistical prediction model that uses the CDF 

of the summed probability of the visual and auditory responses 
28,29

. The model allows 

for a direct comparison between multisensory condition and predicted probability of 

unimodal conditions ［P(A) + P (V)］−［P (A) ×P (V)］ by segmenting the 

subject-specific CDFs for each condition using 10-ms time bins. P (A) is the 

probability of responding within a given time to unimodal auditory trial, and P (V) is 

the probability of responding within a given time to unimodal visual trial. If the 

probability of a response to AV is significantly greater than that predicted by the 

summed probability of A and V, then the neural audiovisual integration of the two 

unimodal inputs is considered to be occurred 
28,29

. Then, the redundant nature effect of 

multisensory conditions was defined by subtracting a subject’s race model from 

audiovisual CDFs at each time bin to generate a difference curve for each subject. A 

one-sample t-test (two-tailed) was then performed at each time bin within each group 

(NC and PD groups) to identify significant deviations (p < 0.05) by comparing the 

value at each time bin with zero.  
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3.2.4.4 Correlation analysis 

For PD patients, there was no significant audiovisual integration, therefore, the 

bimodal response facilitation was assessed through interactive index (ii) 
137

. 

Correlation analysis was conducted to exam the relevant degree of response 

facilitation with H & Y stage or disease duration. The variables AV, V, and A 

represent mean response time to each stimulus. All the data was submitted to 

Bivariate correlations analysis (Pearson’s correlation, two-tailed). 

ii =
max(𝐴; 𝑉)−AV

max (𝐴; 𝑉)
× 100% 

 

4.3 Results  

4.3.1 Questionnaire assessment 

One-sample t-test (two-tailed) was conducted between NC and PD groups for Age, 

Education, MOCA score, PDSS-2 score, ESS score, and PSQI score respectively. No 

significant difference was found between two groups for Age (p = 0.21), Education (p 

= 0.4), and PSQI score (p = 0.68). However, there was significant difference for Moca 

score (p < 0.001), showing cognitive impairment in PD. Furthermore, significant 

differences were also found for PDSS-2 score (p = 0.02), and ESS score (p = 0.04), 

showing obvious sleep disturbances for PD patients (Table 4.1).  
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Table 1 Demographic information for age-matched normal controls and Parkinson’s disease 

 Simple size, No. Female/Male Age (y) Education (y) MoCa
***

 PDSS-2
*
 ESS

*
 PSQI 

NC 36 18/18 69.69±0.74 12.86±0.34 26.78±0.33 10.03±0.97 5.28±0.65 6.33±0.75 

PD 30 16/14 67.53±1.63 12.40±0.44 24.17±0.53 15.27±2.10 7.80±1.08 6.90±1.20 

Data are presented as the mean ± standard error of the mean (SEM). 

NC, Age-matched normal controls. PD, Parkinson’s disease patents. 

* 
p < 0.05, 

***
p < 0.001 Statistically significant difference between NC group and PD group. 
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4.3.2 Mean response time and hit rates 

Mean response times and hit rates for NC and PD patients were showed in Table 2 

in detail. 3 (Modality) * 2 (Hemispace) Repeated Measures ANOVA analysis showed 

the main effects of modality in both NC group [F(2, 68) = 43.06, p < 0.001] and PD 

patients [F(2, 58) = 31.91, p < 0.001], however no significant main effects of 

hemispace were found in both NC group [F(1, 34) = 5.46, p = 0.062] and PD patients 

[F(1, 29) = 1.63, p = 0.21]. Therefore, the data from the left and right hemispaces 

were combined. The mean response times and hit rates for NC and PD are presented 

in Figure 4.2.  

2(Group) * 3 (Modality) Repeated Measures ANOVA analysis on response times 

showed significant main group effect [F(1, 63) = 14.75, p < 0.001] and main modality 

effect [F(2, 126) = 72.78, p < 0.001] were found. However, there was no significant 

interaction between group and modality [F(2, 126) = 1.62, p = 0.21]. For NC group, 

the post-hoc comparisons found that the response to bimodal AV stimuli were 

significantly faster than that to the unimodal visual (p < 0.001) or auditory (p < 0.001) 

stimuli. However, there was no significant difference for the response to unimodal 

visual and auditory stimuli (p = 0.56). For PD group, the post-hoc comparisons found 

that the response to bimodal AV stimuli were significantly faster than that to the 

unimodal visual (p < 0.001) or auditory (p < 0.001) stimuli. However, there was no 

significant difference for the response to unimodal visual and auditory stimuli (p = 

0.13). The pair comparisons between NC and PD groups show significantly faster 

response for NC to unimodal visual (p < 0.001), auditory (p < 0.001) stimuli, and 

audiovisual stimuli (p = 0.002) than that for PD group. 2(Group) * 3 (Modality) 
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Repeated Measures ANOVA analysis on hit rates showed significant main effect of 

group [F(2, 63) = 8.68, p = 0.005], showing a higher accuracy for NC group than that 

for PD group. However, there was no main effect for modality [F(2, 126) = 0.52, p = 

0.59] and interaction between group and modality [F(2, 126) = 1.31, p = 0.27]. The 

pair comparisons between NC and PD groups show significantly higher accuracy for 

NC to unimodal visual (p = 0.012) and auditory (p = 0.008) stimuli than that for PD 

group. But no significant difference for bimodal AV condition was found. 

 

Table 4.2 Mean response times and hit rates for NC and PD  

 

NC  PD 

 

Right Left  Right Left 

Response time (ms) 

  

 

  

Auditory 494.6(8.8) 475.7(10.9)  576.3(18.7) 537.1(17.9) 

Visual 467.8(9.1) 459.2(8.4)  543.4(18.8) 527.1(21.4) 

Audiovisual 431.2(7.7) 425.7(9.4)  482.0(15.1) 481.7(17.9) 

Hit rates 

  

 

  

Auditory 0.95(0.006) 0.95(0.007)  0.91(0.01) 0.91(0.02) 

Visual 0.95(0.007) 0.95(0.005)  0.91(0.01) 0.91(0.02) 

Audiovisual 0.95(0.005) 0.95(0.007)  0.92(0.02) 0.92(0.01) 

 

Data are presented as the mean ± standard error of the mean (SEM). 

A = Auditory-only stimulus, V = Visual-only stimulus, AV = Audiovisual stimulus. 
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Figure 4.2 Average reaction times and hit rates by modality and group (error bars 

showed the SEM). (A = Auditory-only stimulus, V = Visual-only stimulus, AV = 

Audiovisual stimulus; *p < 0.05) 

4.3.3 Race model comparisons 

A race model was used to analyse the RTs to evaluate the redundant nature effect of 

the multisensory stimuli in each of the experimental conditions (Figure 4.3A, 4.3B). 

The relationship was compared by subtracting the race model CDFs from the bimodal 

AV CDFs for each group (Figures 4.3C). Significant audiovisual interactions (p < 

0.05, one-sample t-test) were found for NC group (Figure 4.3C, solid line), however, 

there were no significant differences between the bimodal stimuli and the predicted 

race model for the PD patients (Figure 4.3C, dotted line) (p ˃ 0.05). 

The forgoing results indicated that there was significant audiovisual interaction 

diversity between PD patients and age-matched NC group. Because there was 

significant cognitive functional difference, to further exam the possible cause, we 

divided each group into two sub-groups according to the Moca score (cut off = 26). 

the similar race model analysis method was used for the further analyse. The results 
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Figure 4.3 Distributions of the response times. (A) Cumulative distribution 

functions (CDFs) for the discrimination response times to auditory, visual, 

audiovisual stimuli and race model for NC. (B) CDFs for PD. (C) Direct comparison 

of bimodal audiovisual performance relative to the predicted race model between NC 

(solid line) and PD (dotted line) obtained by subtracting the race model CDFs from 

the bimodal AV CDFs. 

 

indicated that there was no significant difference between NC sub-groups (p ˃ 0.05; 

Figure 4.4A), neither between PD sub-groups (p ˃ 0.05; Figure 4.4B). Additionally, 

according to PDSS-2 score, we further divided PD patients into PD with sleep 

disturbance and PD without sleep disturbance groups (Table 4.3). The redundant 

nature analysis results showed no significant audiovisual integration for both PD with 

sleep disturbance and PD without sleep disturbance groups (Figure 4.5). The further 

one-sample t-test (two tailed) found there was no significant difference between PD 

with sleep disturbance and PD without sleep disturbance groups (p ˃ 0.05).  
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Figure 4.4 Direct comparison of audiovisual performance relative to the predicted 

race model between sub-groups. Sub-group Moca ≥ 26 (solid line); Sub-group Moca 

< 26 (dotted line). (A) NC; (B) PD. 

 

 

Figure 4.5 Direct comparison of audiovisual performance relative to the predicted 

race model between PD without sleep disturbance group (solid line) and PD with 

sleep disturbance group (dotted line). 
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Table 4.3 Parkinson’ s disease patients demographics by sleep disturbances status. 

 

All PD Patients 
PD with 

sleep disturbances 

PD without 

sleep disturbances 

N 30 14 16 

Age (y) 67.5(1.6) 69.6(2.3) 65.7(0.2) 

Gender(F:M) 17 : 13 7 : 7 10 : 6 

H&Y Stage 2.4(0.1) 2.6(0.2) 2.3(0.2) 

Disease Duration (y) 4.5(1.0) 5.8(1.9) 3.4(0.8) 

Education (y) 12.4(0.4) 12.1(0.7) 12.6(0.6) 

PDSS
***

 15.2(2.1) 24(3.2) 7.6(0.8) 

ESS 7.8(1.0) 8.5(1.6) 7.2(1.5) 

PSQI 6.9(1.2) 8.9(2.2) 5.1(1.1) 

MoCa 24.2(0.5) 24.3(0.7) 24.1(0.8) 

Data was presented as the mean ± standard error of the mean (SEM). F = Female; M = 

male. 

H &Y Stage = a Hoehn & Yahr staging system (stages from 1 to 5, a greater score 

reflects more severe symptoms), PDSS = Parkinson’s Disease Sleep Scale (score 

greater than cut off 15 reflect a poor sleeper), ESS = Epworth Sleepiness Scale (score 

greater than cut off 11 reflect excessive daytime sleepiness), PSQI = Pittsburgh Sleep 

Quality Index (score greater than cut off 6 suggest a possible of insomnia), Moca = 

Montreal Cognitive Assessment (score greater than cut off 26 reflects normal 

cognition). 
***

p < 0.001 significantly statistical difference between PD with sleep 

disturbances and without sleep disturbances groups. 
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4.3.4 Correlation analysis  

Figure 4.6 showed the result for the correlation analysis. The results indicated that 

there was no significant relationship between H & Y sage and response facilitation for 

both PD with sleep disturbance group (r = 0.437, p = 0.118) and PD without sleep 

disturbance group (r = - 0.362, p = 0.169), neither between disease duration and 

response facilitation for both PD with sleep disturbance group (r = 0.370, p = 0.193) 

and PD without sleep disturbance group (r = - 0.416, p = 0.109). 

 

  

 
 

Figure 4.6 Correlation of H & Y Stage and Disease Duration with response 

facilitation. (A) Correlation between H & Y Stage and response facilitation. X - asix: 

Hoehn & Yahr stage; Y - asix: relative response facilitation comparing with the 

slower response to unimodal response (A or V). (B) Correlation between years since 

PD symptom onset and response facilitation. X - asix: years since PD symptom onset; 

Y - asix: relative response facilitation comparing with the slower response to 

unimodal response (A or V). 
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4.4 Discussion 

In this study, we examined the audiovisual multisensory integration elicited by 

peripheral stimuli in PD. The results showed no significant audiovisual integration 

occurred in PD regardless of cognitive deficits and sleep disturbance, however, it did 

occurred in age-matched normal controls. Besides, there were no significant 

correlations between audiovisual facilitation and H&Y stage or disease duration. 

4.4.1 Absent audiovisual integration in PD 

For PD multisensory investigation, this is the first study to quantitatively examine 

audiovisual multisensory integration to stimuli presented peripherally, and reported no 

significant audiovisual integration was observed. Consistent with previous study, the 

audiovisual processing in PD was abnormal 
119

. However, the current result was the 

same to the conclusion of Fearon to some degree. They found the audiovisual 

processing in PD was attenuated but did exist, and further reported that it correlated 

with freezing of gait and disease duration 
119

. The visual processing investigation by 

fMRI showed that the neural response to peripheral stimuli was weaker than that to 

central stimuli in visual cortex 
138

. Yield to the inverse effectiveness principle of 

multisensory integration, audiovisual integration was larger when stimuli were 

positioned at more peripheral locations (0º vs 30º and 60º)
125

. Therefore, the partly 

diversity with the previous study might result from the visual angle that the stimuli 

presented. 

Recent studies have evidenced that subcortical structure basal ganglia have 

multisensory properties 
122,123

. Nagy et al. reported caudate nucleus and substantia 
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nigra of anaesthetized cats can response to visual, auditory or somatosensory 

stimulation alone, as well to the multisensory combination. In addition, the 

multisensory units of caudate nucleus and substantia nigra showed significant 

cross-modal interaction, expressing additive or super-additive response facilitation to 

multisensory simulation. However, there was a basal ganglia disorder in PD, as cell 

death in the substantia nigra, the ventral (front) part of the pars compacta, or 

substantial loss of dopaminergic neurons in the substantia nigra 
128,139,140

. The higher 

audiovisual integration ability to peripheral stimuli might be more susceptive to basal 

ganglia impairment, and thus basal ganglia disorder may be one of the most possible 

reason leading to the absent audiovisual integration processing.  

Additionally, attention can modulate audiovisual integration largely, and the 

audiovisual integration was greater in attended task than that in unattended task 

54,66,141
. Numerous behavioural and electroencephalograph studies have evidenced 

attentional deficits was occurred in PD, e.g. visual attention and auditory attiontion 

142-147
. Therefore, the declined attention might also have contributed to the absent 

audiovisual integration. 

4.4.2 Absent audiovisual integration independent of cognitive deficits and sleep 

disturbance in PD 

The demographic information showed lower Moca scores for PD than age-matched 

normal controls, and the further t-test (two tailed) analysis revealed significant 

differences between the two groups. Our previous study showed decreased 

audiovisual integration both in divided attention and selective attention task for mild 

cognitive impairment patients, and it further decreased significantly in Alzheimer's 
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disease patients. 
61

. Therefore, it suggested that the cognitive deficits in PD might lead 

to the abnormal audivisual integration. According to the Moca score, we divided the 

PD into two groups (cut off = 26). The analysis revealed that there was no significant 

audiovisual integration between the two sub-PD groups (Moca score of ≥ 26 and < 

26). According to the results, we propose that although cognitive deficits attenuate 

audiovisual integration as in our previous study, basal ganglia disorder might be the 

most critical factor for such absent audiovisual in PD patients. Additionally, we also 

divided normal controls into two sub-groups according to the Moca score. There were 

just three participants with Moca score below 26 (two participants 25, and one 24), 

showing no significant cognitive impairment. The data for normal control group with 

Moca score lower than 26 is not enough to perform statistical analyses, however, their 

average probability difference curve is similar to the group with Moca score 26 or 

greater than 26. This result further suggested that audiovisual multisensory integration 

is much sensitive to basal ganglia disorder of PD rather than slightly cognitive 

function alteration.  

In addition, sleep disturbances are a common non-motor feature in PD patients, 

contributing to reduce quality of life even in early stage PD patients 
126,129

. In the 

present study, we examined 30 clinical PD patients who successfully conducted the 

auditory/visual stimuli discrimination experiment independently without serious 

cognitive deficits and movement disorder. According to the PDSS-2 scores, 14 PD 

patients had sleep disturbances (47%), and we divided all the participants into two 

groups; those with or without sleep disturbances. The statistical analyses showed 

significant difference of sleep status between two groups, however, there was no 

significant difference of audiovisual multisensory, showing no obvious audiovisual 
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integration for both sub-groups. These results further suggested that audiovisual 

integration for peripheral stimuli might be more sensitive to basal ganglia disorder, 

and sleep disturbance was not the key factor of the absent audiovisual integration.  

To further investigate whether the audiovisual integration processing ability to 

peripheral stimuli is reserved in the early stage of PD and is disappeared with the time 

course of the disease, in the current study, we evaluated the correlation of H&Y stage 

and disease duration with audiovisual multisensory through relative unisensory 

response time facilitation. No significant relationship was found between the bimodal 

response facilitation and H&Y stage or disease duration (all p > 0.05) regardless of 

sleep disturbance. The results confirmed that the abnormal audiovisual multisensory 

processing occurred at an early PD stage. Together the previous study, the results 

further suggested that the audiovisual multisensory processing might be a potential 

early manifestations of PD 
119

.  

4.4.3 Limitations 

The only previous study conducted by Fearon et al. 
119

 showed the attenuated 

audiovisual integration to the central bimodal audiovisual stimuli. Our current study 

firstly investigated the audiovisual integration for the stimuli presented in peripheral 

(12º). The main limitation of the current study is the systemic alteration of audiovisual 

integration with changing of visual angle that stimuli are presented. Additionally, we 

were unable to divide the PD patients according to the clinical subtype of motor and 

other non-motor symptoms in detail. Furthermore, EEG investigation is needed to 

evaluate the time course of audiovisual integration in PD to further verify whether the 

absent audiovisual integration for peripheral stimuli is present in the early stage of 
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audiovisual integration. 

4.5 Conclusions 

The current study provides the first evidence that the audiovisual multisensory for 

peripheral stimuli was absent in PD patients regardless of sleep disturbances, and 

further suggested that the abnormal audiovisual integration might be a potential early 

manifestations of PD.  
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Chapter 5 General Conclusion and Future 

Projections 

 

Summary 

This thesis has investigated the mechanism of temporal audiovisual integration, and 

the diversity between younger and older adults. Additionally the PD-related 

audiovisual integration has also been evaluated. In this chapter, our findings are 

summarized below. Further, some future projections are included. 
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5.1 General Conclusions 

The current thesis includes three experiment studies. The first experiment is the 

basis of the thesis, investigating the effect of SOA on audiovisual integration and the 

diversity of audiovisual integration between younger and older adults behaviorally. 

The second experiment examined the diversity in detail by EEG, and showed in which 

stage the diversity was presented. Basing on the EEG data, the aging effect was found 

in audiovisual integration. Therefore, in the third experiment, we designed a simple 

audiovisual integration examination task to evaluate the audiovisual integration of PD 

patients to detect whether the audiovisual integration can assistant the early diagnosis 

of PD as a potential early manifestation. 

Chapter 2 Describes the influence of SOA on audiovisual integration, and the 

diversity of temporal audiovisual integration between younger and older adults. 

Although neuronal studies have shown that audiovisual integration is regulated by 

temporal factors, there is still little knowledge about the impact of temporal factors on 

audiovisual integration in older adults. In this part, we designed an auditory/visual 

stimuli discrimination experiment. The results showed that in younger adults, 

audiovisual integration was altered from an enhancement (A0V, A±50V) to a 

depression (A±150V). In older adults, the alterative pattern was similar to that for 

younger adults with the expansion of SOA; however, older adults showed significant 

delayed onset for the time-window-of-integration and peak latency in all conditions, 

which further demonstrated the audiovisual integration delayed more severely with 

the expansion of SOA, especially in the peak latency for V-preceded-A conditions in 

older adults. Our study suggested audiovisual facilitative integration occurs only 
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within a certain SOA range (e.g., -50–50 ms) in both younger and older adults. 

Moreover, our results confirmed that the response for older adults was slowed and 

provided empirical evidence that integration ability is much more sensitive to the 

temporal alignment of audiovisual stimuli in older adults. 

Chapter 3 Describes stage in which that the diversity of temporal audiovisual 

integration between younger and older adults was presented. Recent researches have 

shown that response magnitudes to multisensory information were highly dependent 

on the stimulus structure. The temporal proximity between multiple signal inputs is a 

critical determinant for cross-modal integration. Here, we investigated the influence 

that temporal asynchrony has on audiovisual integration in both younger and older 

adults by event-related potentials (ERP). Our results showed that in the simultaneous 

audiovisual condition, excepting the earliest integration (80 - 110 ms) that occurred in 

the occipital region for older adults was absent for younger adults, the early 

integration was similar for younger and older groups. Additionally, the later 

integration was delayed for older adults (280 - 300 ms) compared to that for younger 

adults (210 - 240 ms). In audition-leading vision conditions, the earliest integration 

(80 - 110 ms) was absent in younger adults but did occur in older adults. Additionally, 

after increasing the temporal disparity from 50 ms to 100 ms, the later integration was 

delayed in both younger (from 230 - 290 ms to 280 - 300 ms) and older adults (from 

210 - 240 ms to 280 - 300 ms). In the audition-lagging vision conditions, the 

integration only occurred in A100V for younger adults and in A50V for older adults. 

The current results suggested that the audiovisual temporal integration pattern was 

different between the audition-leading and audition-lagging vision conditions, and 

further revealed different temporal asynchrony effect in younger and older adults on 
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audiovisual integration. 

Chapter 4 Describes audiovisual integration of PD patients when response to 

stimuli that presented in the peripheral. We conducted an auditory/visual 

discrimination experiment to investigate the audiovisual integration for peripheral 

stimuli in PD patients with/without sleep disturbances. The results showed that the 

response to all stimuli was significantly delayed for PD than that for normal controls 

(NC) (all p < 0.01). The response to audiovisual stimuli was significantly faster than 

that to unimodal stimuli in both NC and PD (p < 0.001). Additionally, audiovisual 

integration elicited by peripheral stimuli was absent in PD, however, it did occur in 

NC. The further analysis showed that there was no significant audiovisual integration 

for PD with/without cognitive disorder and PD with/without sleep disturbance. 

Furthermore, there was no significant correlation of audiovisual facilitation with H&Y 

stage or PD disease duration with/without sleep disturbance (all p > 0.05). The current 

results revealed that audiovisual multisensory for peripheral stimuli was absent in PD 

regardless of sleep disturbances, and further suggested that the abnormal audiovisual 

integration might be a potential early manifestation of PD. 

5.2 Future Projections 

Firstly, the current results of the thesis revealed that there is a significant diversity 

of audiovisual integration between younger adults and older adults, including both the 

early stage and later stage of audiovisual integration, and the brain regions. Therefore, 

one of the important challenges for the future studies is general development of 

audiovisual integration across all the life span. Secondly, the attentional statues 

altered greatly with aging, whether the alteration of audiovisual integration with aging 
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was due to the decline of attention is also important projection. 

Additionally, The only previous study conducted by Fearon et al. 
119

 showed the 

attenuated audiovisual integration to the central bimodal audiovisual stimuli. Our 

current study firstly investigated the audiovisual integration for the stimuli presented 

in peripheral (12º). The main limitation of the current study is the systemic alteration 

of audiovisual integration with changing of visual angle that stimuli are presented. 

Additionally, we were unable to divide the PD patients according to the clinical 

subtype of motor and other non-motor symptoms in detail. Furthermore, EEG 

investigation is needed to evaluate the time course of audiovisual integration in PD to 

further verify whether the absent audiovisual integration for peripheral stimuli is 

present in the early stage of audiovisual integration. 
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Appendix 

Simple Introduction of EEG Apparatus 

The BrainAmp MR plus was manufactured by BrainProduct Inc., Germany. This 

amplifier is a compact solution for neurophysiology research that can be combined with 

other units within the same product family to cover a vast range of possible application 

areas. This fully portable solution can be used for standard EEG/ERP recordings and 

can also be placed inside of the MRI bore for simultaneous EEG/fMRI acquisitions. 

Thanks to its 5 kHz sampling rate per channel, the BrainAmp can be used to record 

EEG, EOG, and EMG signals as well as evoked potentials with a frequency up to 1 kHz. 

The 16-bit TTL trigger input allows the detection of a large number of markers from 

visual, acoustic, electrical, magnetic or other stimulation modalities. The BrainAmps 

can be used both with passive and active electrodes offering a great degree of flexibility. 

The 32 channel units can be stacked to expand the number of channels up to 256 and 

combined with the BrainAmp ExG to record EEG, EOG, EMG, ECG, GSR (Galvanic 

Skin Response) and many other types of bipolar and auxiliary signals. 

 

 

 

Figure A1. EEG amplifier of BrainAmp MR plus 
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Table A1. Technical specifications of BrainAmp MR plus 

Number of Channels per unit 32 

Max. Number of channels 128 

Reference Type unipolar 

MR-compatibility Yes (for scanners up to 4 Tesla) 

Bandwidth [Hz] DC - 1000 

High Pass Filter [Hz] 0.016 / 10 s AC or DC switchable 

Low Pass Filter [Hz] 1000 / 250 switchable 

Input Noise [μVpp] ≤ 1 

Input Impedance [MΩ] 10 / 10000 

Input Measurement Ground / eference Yes 

A/D-C [bit] 16 

A/D-Rate [Hz] 5000 

Max. Sampling Frequency [Hz] 5000 

Offset Compatibility [mV] ± 300 

Operating Range [mV] selectable: ±3.2768; ±16.384; ±327.68 

Resolution [μV] selectable: 0.1; 0.5; 10.0 

CMRR [dB] ≥ 110 

TTL Trigger Input [bit] 16 

Synchronized Digital Trigger Input [bit] up to 16 

Max. Power Consumption [mA] 160 

Power Supply rechargeable Battery 

Signal Transmission optical 

PC Interface PCI, USB 2.0 

Deblocking Function Yes 

Blocking of Unused Channels Yes 

Safety 

Twin Fiber optical Transmission 

Protection Class II, Type BF 

IEC EN 60601 

EMC tested, electrically safe 

Classification to MDD 93/42/EEC Class IIa 

Dimensions H x W x D [mm] 68 x 160 x 187 

Weight [kg] 1.1 
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The current thesis adapted 32 electrodes of this apparatus. The location and name 

of each channel that the present study was used is displayed in Figure A2.  

 

Figure A2 The locations and names of each electrode 
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Japanese version of the Epworth Sleepiness Scale 
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Japanese version of the montreal Cognitive Assessment 
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Japanese version of the Parkinson's Disease Sleep Scale 
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Japanese version of the Pittsburgh Sleep Quality Index 
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